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FOREWORD 


This report presents the final results of one of the projects participating in the military-effect 
programs of Operation Redwing. Overall information about this and other military-effect proj- 
ects can be obtained from WT-1344, the “Summary Report of the Commander, Task Unit 3.” 
This technical summary includes: /1) tables listing each detonation with its yield, type, en- 
yironment, meteorological conditions, etc.: (2) maps showing shot locations; (3) discussion of 
results by programs; (4) summaries of objectives, procedures, results, etc., for all projects; 
and (5) a listing of project reports for the military-effect programs. 


ABSTRACT 


The objective of Project 5.9 was to investigate the vulnerability of basic missile structures 
and materials to fireball and associated phenomena of 2 nuclear detonation. 

Tests consisted of exposing a total of 103 specimens, comprising over 30 different de- 
signs, within the fireballs of Shots Erie and Mohawk. On Shot Erie, exposures were made at 
seven locations ranging from 25 to 300 feet from the burst point: on Shot Mohawk, specimens 
were exposed at two elevations on a tower 525 feet from ground zero. As much as possible, 
the specimens were designed so that the effects of each of the severai mechanisms causing 
thermal damage could be evaluated individually. 

Eighty-eight of the 103 specimens which were exposed were recovered: 79 out of 94 from 
Shot Erie and all 9 from Shot Mohawk. The high radiation level after the shots delayed the 
major recovery effort for approximately 3 months. Results of the material evaluation studies 
showed that 8-inch-diameter spheres of stainless steel, molybdenum, and titanium sustained 
approximately equal mass ablation which was 0.08 psi at 100 feet and 0.03 psi at the 200-foot 
range. Copper sustained 2 to 4 times the mass ablation of the cbove three metals, and plastic 
experienced substantially less than any of the metals for the exposure conditions on Shot Erie. 
‘The existence of an attenuating vapor layer was substantiated by the data, and a few specimens 
indicated that the removal of this vapor layer by hydrodynamic means had affected the ablation. 
The apparent anomaly of approximately equal ablation experienced b 
steel soheres at Stations 150, 200, 250, and 300 on Shot Erie cou!c. for the most part, be ex- 
plained on the basis of ablation by melting after emergence iram the fireball. It was shown 
that removai of a molten layer by spinning off drops of the material could be significant to 
total ablation and would be important to ICBM destruction if the missile had an appreciable 
angular velocity. 

The electrically instrumented Operation Redwing specimens have shown that it is feasible 
to record data electrically inside the fireball of a nuclear detonation with a system similar to 
that used on Redwing. The velocity-distance impact gages which vere adequately protected 
from the effects of overpressure and material ablation operated satisfactorily and yielded 
apparently reliable velocity versus distance data. It has been shown also that ball-crusher 
gages may be successfully employed to observe experimentally peak fireball pressures and 
accelerations, provided the approximate shape of the dynamic input is known. 


PREFACE 


In the interest of maintaining an adequate system for deiending against modern implements of 
war, the U.S. Air Force has been charged with evaluating the feasibility of using nuclear 
weapons in defense against intercontinental ballistic missiles. Such an evaluation requires a 
determination of the vulnerability of an incoming missile tc a nuclear detonation. 

Lt. C. J. Cosenza, USAF, of Wright Air ead ment Center (WADC) was the Project 
Officer of Project 5.9. Contractual support was orovided by the University of Dayton under the 
direction of Robert R. Luthman on Contraci AF $3816 -2884, 

Among the many who contributed their time anc eiforts during the planning and execution 
phases of this test were Dr. Michael May and Dr. Thomas Wainwright, of the University of 
California Radiation Laboratory (UCRL); Dr. Martin Annis, Daniel Fink, and Calvin Sing, of 
Allied Research Associates; and Harold Hessing and Louis McUCreight, of the General Electric 
Company, Schenectady, New York. 
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Chapter / 
INTRODUCTION 


1.1 OBJECTIVE 


The objective of this project was to investigate me vulnerability of basic missile struc- 
tures and materials to fireball and associated phenomena oi a nuclear detonation. Specifically, 
the project was to determine: (1) comparative susceptibility of certain ballistic missile ma- 
terials to fireball environment; (2) characteristic gust iccslerations, overpressures, and 
thermal energy produced by the fireball; (3) response of basic structural configurations to the 
fireball and associated phenomena, primarily to evaluate the mechanism causing material loss 
as well as parameters producing other types of destruction: and (4) response of hypersonic 
test vehicle nose cones in static exposures for comparison with results obtained from similar 


vehicles in dynamic exposures. 


1.2 MILITARY SIGNIFICANCE 


‘Since this project had basic objectives nearly idencical to those of Project 5.4 of Opera- 
tion Teapot, the military significance of the earlier test also applied here. The following was 
taken from Paragraph 1.2 of the Final Report of Proizc: 5.4, Operation Teapot: 


>) 


The fact that intercontinental ballistic missiles are nearly 
to the security of the nation, makes the development of an adequate defense system an urgent 
requirement. Considerable thought has been given to the problem of protecting against hostile 
intercontinental ballistic missiles; however, partly because of the scarcity of vulnerability 
data, there is at present no positive method of defense. Because of the very high velocity and 
the variety of evasive tactics that can be emploved, the probiere of intercepting and destroving 
a ballistic missile of the Atlas type imposes severe requiremenis on the hypothetical defense 
system. Because of the magnitude of the anticipated average miss-—distance, it is doubtful that 
conventional warheads have sufficiently large lethal radii to give 2 reasonable averall proha-~ 
bility of successful interception. 


reniity, with the consequent threat 


It has been speculated that a nuclear warhead of nominal yield, or larger, may have a greater 
lethal range of destruction than conventional warheads in the apclication of ballistic missile 
defense. However, because of the lack of factua! information on the capabilities of nuclear 
weapons employed tn this manner, it was suggested that an experimental test be conducted. 


1.3 BACKGROUND AND THEORY 


The feasibility of using nuclear or thermonuclear weapons as defensive measures against 
intercontinental ballistic missiles is currently being studied from a theoretical standpoint by 
several agencies. The results of at least one of these studies indicate that the use of such a 


to be raor 


at various ranges within the fireball of Shot 12. The experiment was limited in scope, since it 
was not certain that the test articles would be recovered: however, all the tower specimens 
were found and the objective of the test accomplished. Consequently, 2 more extensive test 
was planned with confidence for Operation Redwing. 

Materia! loss parameters selected for investigation were type of material, surface curva- 
ture. orientation, thermal attenuation by the metallic vapors given off by the object, and 
spalling. Project 5.9 was designed to investigate the effects of all the above mechanisms and, 
in addition, the effects of blast and overpressure. 


Chapier 2 
PROCEDURE 


A total of 103 specimens comprising over 30 different types, materials, and sizes were ex- 
posed within the fireballs of Shots Erie and Mohawk of Operation Redwing. Basically, the test 
consisted of mounting the specimens near the burst points atop lightweight towers, recovering 
them after the explosion, and later determining the type and degree of the resulting damage. 
The test was designed to accomplish the specific Objectives 1, 2, and 3 listed in Sec- 
tion 1.1. Objective 4, to determine the response of hypersonic test vehicle nose cones in 
static exposures for comparison with results obtained from similar vehicles in dynamic ex- 
posures, was deleted from the program because the project which was to furnish the dynamic 


exposure data was cancelled. 


2.1 SHOT ERIE 


Six tower sites were planned for this shot, the locations and tower heights being such that 
the approximate slant ranges from the burst point varied from 50 feet to 300 feet in 50-foot 
increments. However, during the erection of the to-rers and the mounting of specimens an 
tation were destroyed. Consequently, 


accident occurred in which the two towers at the 50-foo: 
2 mounting rig was devised and attached to the shot 


from the burst point through the specimen arrays % 
tower, and each was at an angle of approximately 45 degrees to the horizontal. One additional 
array of specimens was mounted on the side of the shot tower, 25 feet from the burst point. 
The location of this array was such that the specimens would be propelled downward at an 
angie of approximately 38 degrees from the vertical. A drawing snowing the locations and 
heights of all stations is presented in Figure 2.1. 

Because of the accumulative weight of the specimens exposed at the first three tower 
stations, two towers were required at each. Similariy, although the total weight was not ex- 
cessive, two towers were erected at the fourth tower station because of the large unbalanced 
moments which would have been present in a single tower with cross-beam arrangement when 
the instrumented sphere described in Section 2.5 was lowered to the ground. At all stations, 
except Station 50 where the improvised rig was made of steel, the superstructures for mount- 
ing the specimens consisted of aluminum beams. From Sration 50 through Station 200 three 
cross beams, or tiers, were required; at Stations 250 and 300 one tier at each was sufficient. 
The specimens were mounted above and below the cross beams with aluminum and steel 
orackets. These were designed to fail in such a way that the moments introduced into the 
specimens during failure would be sufficiently low to minimize undesirable tumbling effects. 
A typical specimen array is shown in Figure 2.2. 

A complete summary of the specimen exposures is presented in Section 2.7, following the 
detailed descriptions of the specimens themselves, 


Figure 2.1 Station layout for Shot Erie, showing slant ranges, ground canges, and tower heights. 


Specimen array for Shot Erie Station 50, (Other stations similar except for support of 
tructures.) 
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Figure 2.3 Specimen exposure for Shot Mohawk. 


2.3 PASSIVE SPECIMENS 


The majority of specimens were designed to accomplish the test objective by providing a 
means for determining the effect of configuration, orientation, and type of material involved on 
the amount of surface material removed. Wherever possible, the designs were such that the 
effects of the parameter under investigation were maximized, and the effects of the others were 
minimized. 


* 


2.3.1 Steel Spheres. Spherical specimens of mild steel were exposed to Shot Erie for 
two reasons: (1) to obtain data required for establishing a ene scaling procedure for 
any given thermal damage level, and (2) to determine variation in material loss with radius of 
curvature. To accomplish the firsi, 10-inch-diameter spheres were exposed at the 25-foot. 
50-foot, and 100-foot ranges, where the material icoss would be large and hence measurable 
with a fair degree of accuracy. The resuliing data, in conjunction with comparable information 
obtained during Operation Teapot, was to permit attainment of the objective. Additional data 
on range scaling procedure could also be obtained from the instrumented spheres (Section 2.4) 
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4-, 6-, 8-, 16 e 20-inch segment 
of. 3f-inch- diaiteter sphere. 

On Shot Mohawk, all the nine specimens involved ‘vere : 
fiat iss ectories anticipated and the associated recovery prociems. 
were varied, as indicated in Figure 2. 3. 

2.3.2 Composites. To determine the effect of shape and orientation of a specimen on the 
amount of material lost from its surface, solid cylinders and cones were exposed in various 
orientations in addition to the spheres, enumerated in the previous paragraph. In the interest of 
economy, however, the composite specimen shown in Figure 2.1 was adopted. Comprising both 


a} 


Figure 2.4 Composite specimen combining conical, cylindrical, and soherical surfaces. 


a cylindrical and a 60-degree conical surface, as well as a hemispnerical end, the specimen 
provided a means of obtaining a large amount of information irom a relatively small number of 
specimens. The specimens were made either of steel or aluminum and were 6 inches in diam- 
ier. Those of steel were exposed in various orientations at four ranges. At each of these 
ranges, an aluminum specimen was mounted in a nose-on orientation. Nearly all these speci- 
mens contained the device described in Section 2.5.1 for measuring specimen velocity. 

To provide a means of determining material loss resulting from the passage of the high- 
density (though relatively cool) shock wave over an object, three aluminum composite speci- 
mens were exposed in a special manner; each was housed in a shield (Figure 2.5) having a 
large frontal area, so that the shields would separate from the specimens either during or just 
after the passage of the shock front. Thus. the specimens would be protected from a consider- 
tion of the blast although completely exposed within the firebali. The difference be- 
en the material lost by the unshielded and shielded specimens at the same range was to be 
an indication of the damage inflicted by the shock wave. 


: Plates. Flat steel and aluminum plates were exposed: (1) to extend data on 
ss versus radius for a sphere of infinite radius, understand better the 


materia 
ai attenuation afforded by metallic vapors, and (3) to evaluate the effectiveness of the 

rodynamic sweeping away of the vapors. 

Two of the ee are shown in Figure 2.6, The flat areas were 10 inches square; the 
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Figure 2.5 


Composite specimen with shield. 
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5 WETS - the remaining two iepeistieanaas. AS Shown in the figure. the grooves 
existed in ainsec Ins both longitudinal anc transverse io the direction 3: snock propagation. In 
size, the grooves were 0.4 inch wide and 0.4 inch deep and were 1.0 inch apart. 

Although any analyses concerning the grooves must consider both types of specimens, the 
transversely grooved plates were intended primarily for the siucy of the thermal attenuation 
properties oi vapors, and the longitudinally grooved specimen was intended for hydrodynamic 
study. 

One of the transversely grooved plates was exposed at each of the following stations: 50, 
100, 150, and 200; the transversely grooved aluminum plate and the longitudinally grooved 
steel plate were both at Station 150. 


2.3.4 Laminated Cylinders. Among various mechanisms from which damage to a struc- 
ture may result is thermal spalling, where a strdng shock wave, induced in the material by the 
thermal! radiation, may cause relatively large bits of material to be ejected from the surface 
of the structure. It appears likely that comparatively thin-skin structures may be more vul- 
nerable to this type of damage than would solid objects because of the smaller shear area in- 
volved in the spalling process. 

Since water-cooled, thin-skin structures have been considered as possible missile bodies, 
it was deemed advisable to explore their vulnerability to this mechanism. Therefore, six 
cylinders of aluminum laminations having tubular shapes pierero over solid steel cores were 
constructed. The thicknesses of the layers varied from Mh to i, inch, with the number of 
laminations being so chosen that the totai thickness outside the core of any one specimen was 
approximately twice the expected metal loss for a solid aluminum Species at the same range. 
Figure 2.7 shows a laminated cylinder made up of four layers. each” 2 inch thick. In all cases, 
the overall diameter and length of the specimens were 5 inches and 11/4 inches. respectively. 


2.3.5 Hollow Cylinders. In an attempt to determine the crushing forces attributable to 
overpressure and the combination of overpressure and dynamic pressure, one of each of the 
hollow cylinders shown in Figure 2.8 was exposed at Station 50. The pointed cylinder was 
Oriented with the cone end toward the burst point; the other was mounted for a side-on expo- 
sure. Both specimens were made of mild steel. 


2.3.6 Ballistic and Dynamic-Pressure Cylinders. The objective of the exposure of the 
ballistic cylinders was to verify certain calculations regarding blow-off pressure. The term 
blow-off pressure as used here means the force per unit area on the surface of a specimen 
caused by the vaporization of material from the surface. The name ballistic cylinders was 
assigned to the specimens, Since the trajectories of the cylindrical specimens were to be the 
basis for obtaining the desired information. A typical specimen is shown in Figure 2.9. Two 
specimens were 7 inches in diameter, 11 inches long, and were made of solid mild steel with 
a bakelite plastic disk, '4 inch thick and 5’, inches in diameter, embedded in one end. A third 
specimen, a solid steel cylinder of the same size but containing no plastic, was similarly 
exposed for purposes of comparison. 

All these cylinders were exposed at Station 100. One of the two with plastic was oriented 
with its axis in a vertical plane and norma! to the direction of shock propagation with the 
plastic disk facing upward. The other was oriented with its axis along the line to the burst 
point and with the plastic disk facing away from the burst point. 

Preliminary calculations indicated that the blow-off pressure resulting from the vapori- 
zation of the plastic should be greater than that resulting from the vaporization of the steel 
on the opposite end. The unbalanced force would then deflect the specimens from the trajec- 
‘ories which would normally be traversed. To determine these deflections. the third specimen 
was mounted at the same range and with the same orientation as the first. The deflections thus 
determined were used to calculate the relative blow-off pressures. 

As the name dynamic pressure implies, certain cylindrical specimens were exposed in an 
aitempt to obtain some time-history data on the dynamic pressure within the fireball. These 
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Figure 2.7 Laminated cylinder. 


Figure 2.8 Hollow cylinder to investigate effects of oversressure {ieft) and dynamic pressure (right). 
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Figure 2.9 Ballistic cylinder with bakelite disk. 


three ranges, 50, 150, and 250 feet. In addition, two specimens similar to the dynamic- 
pressure cy vitkdere: except with bakelite plastic disks in one end, as with the ballistic cylin- 
ders, were mounted at the 150-foot range. The cylinders were exposed in an end-on orienta- 
tion with the plastic disks toward the burst point. In this way, the blow-off pressure would 
add an additional propelling force to the specimen, thus causing a steeper rise in the velocity- 
distance curve and a correspondingly greater acceleration measurement. By a comparison, 
then, between the cylinders with and without the bakelite, an additiona! determination of the 
blow-off pressure should be possible. 


2.3.7 Material Evaluation. As a means for determining the depth of metal loss asa 
function of the material involved, numerous specimens were exposed at various stations. Ma- 
teriais under investigation were copper, titanium, tantalum. stainless steel, molybdenum, 

einforced plastic, and graphite. To determine material loss by the simplest of measurements. 
all the materials, with the exception of tantalum, were exposed as 8-inch-diameter solid 

Copper was used for the control specimen, with one sphere being placed at each of 
first Six ranges. In the interest of economy, only three or four nites es of each of the 
rials were employed; the locations varied from the nearest to the most remote 
nges .2 Station locations of all specimens are shown in Tab! a 2.4, 

In addition to the material loss information for the copper spheres, a determination of the 
1 temperature attained versus depth below the surface was also desirable. This in- 
wes obtained by the method described in Section 2.5.3. 
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Figure 2.10 Tantalum specimen. 


Figure 2.11 Plastic sphere. 


assembled, together with solid copper disks, as shown in the figure. No direct measurements 

fi material loss could be made on these specimens, Sut a determination of the relative sus- 

tibility of tantalum was assumed possible by observarion of the shielding afforded to the 

r by the two thicknesses of tantalum. 

ince not only the material but also the shape and fabricating technique might affect the 
vulnerability of a plastic specimen, cylinders of a similar material, though fabricated 

erent technique, were exposed in addition to the spheres. The spheres, shown in Figure 

.il. were molded into shape by the Cincinnati Testing and Research Laboratories, Cincinnati, 
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resin and 181 weave, Volan-A cloth. A ‘:-inch-diameter mandrel was molded first, and the 
desired diameter of 5 inches finaliy obtained after a siez- oy eas B35 of rewrapping, 
curing, and machining 
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Figure 2.12 Cylindrical holder for ceramic and alloy samples. 


Figure 2.13 Spherical holder for ceramic and alloy sampies, 


Several cylindrical and spherical holders for samples of special purpose alloys and 
ceramics were designed and fabricated by the Missile and Ordnance Systems Department of 
the Genera: Electric Company. Schenectady, New York, for use in determining the thermal 


pf 


effects on these materials. For Shot Erie. six of the cylindrical holders shown in Figure 2.12 
‘o> emploved. Each was 6 inches in diameter and 16 inches long and contained samples of 
10 materials. The materials involved, as well as the exposure ranges, are listed in Table 2.1. 
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2.4 ELECTRICALLY INSTRUMENTED SPECIMENS 


Appendix B, Electrical Recording Within the Fireball. descripes in detail the recording 
system and specimen design used in Project 5.9 and presents A>. tion of the results ob- 
tained. A Drief abstract of Appendix B is included in this report for the reader who requires 
only general knowledge of the electrical instrumentation system. 

Six electrically instrumented specimens, each containing a miniature tape recorder. were 
exposed inside the fireball of Shot Erie. Five were spheres 12 inches in diameter and were 
exposed at slant ranges of approximately 190, 150, 200, 250, and 300 feet from the detonation 
point. The sixth specimen was a 16-inch-diameter sphere exoosed at a slant range of 50 feet. 
The addition of 4 inches to its diameter was required at the 50-foot range because calculations 
indicaied the 12-inch design did not provide adequate mechanical protection. 

A spherical shape was chosen for the instrumented specimens because it was the configura- 
tion most capable, structurally, of withstanding the crushing forces. its drag coefficient was 
independent of orientation, and the ballistics of a sphere were somewhat predictable, thus facili- 

ting specimen recovery after the test. The main body of the container and all external caps 
were made of high strength steel, Since the strongest specimen possible would have been a 
solid sphere, the container was designed to approach this ideal as nearly as possible. Figure 
2.14 illustrates the 12- and 16-inch container design. The 16-inch specimen was essentially 
one of the 12-inch specimens with a 2-inch-thick shell completely enclosing it. This shell was 
fabricated in two pieces which could be screwed together and was machined and ground to close 
t ieee ces so that it would fit tightly around the inside sphere. 

The recorders employed were miniature magnetic tape recorders developed primarily for 
use in experimental rockets and manufactured by North American aiet Eee S Inc. Recorders 
of this design were reported to have operated eee Ore, under axiai accelerations up to 
300 grams and angular accelerations up to 200 radians/sec’. The so devs were 4 inches in 
ameter and 6 inches long including their own battsry power. Eight c! 
‘od on the °,-inch-wide Mylar recording tape, The specimens were eines to record 
time histories of acceleration, depth of melting of the surface material, and specimen tempera- 
tures near the surface. The direct recording of low power fluctuating direct current on magnetic 
tape was abecmuaned by partially erasing a prerecorded alternating-current signal as de- 

ited in Appendix B, Section B.2.2. That section also describes the frequency response of the 
entire system which was flat withim 10 percent from 0 to 55 cos. 

Each instrumented sphere contained two accelerometers: one measured the acceleration 
along the radial line from the burst point through the specimen and the other, mounted normal 
to the first, measured the acceleration in the plane of the shot tower and the specimen. Statham 
Laboratories Type A5A-1000-50 accelerometers of the as ana strain gage type with a range 
of = 1000 grams were used for all specimens. Calibration of each accelerometer channel was 
ace smplished by introducing given millivolt steps into the recording nead and measuring the 
resultant deflection on the playback oscillograms. This information combined with the calibra- 
ion factor relating grams and millivolts supplied with each instrument by the manufacturer 
permitted a @ calibration curve of grams versus millivolts to be drawn for each channel. 

The depth-of-melt (DOM) transducer was designed to put out 2 cuise when the specimen 
reached a predetermined depth beiow the surface. It consisted of two insulated 
nnected in series with a battery and recording head and located at a predeter- 

h — ow the surface of the specimen. When the specimen melted to the depth of the 
2 au contact would be established by the molten metal and a pulse recorded on the tape. 
Chis wild grovide an indication of the time required for the specimen to melt to that depth. 
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Figure 2.14 Twelve- and sixteen-inch instrumented spheres. 


Thermocouples were of the chromel-alume! type and were designed to measure the tem- 
perature at various depths below the surface of the specimen as described in Appendix B, 
Section B.2.3. Calibration of the thermocouple channels was accomplished by accepting the 
standard chromel-alumel thermocouple tables of millivolts versus temperature and establish- 
ing the millivolt sensitivity of each channel by the method described above for the acceler- 
ometers. 


The primary timing reference consisted of a 1000-cp5 transistor oscillator which fur- 
nished timing information that was relatively independent xternal influences. A secondary 
timing reference, consisting of recording the output of 2 pulss transformer connected in series 
with the armature of the tape drive motor, was utilized because of the recognized vulnerability 
of transistors to neutron bombardment. 
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Table 2.2 lists the data recorded on each channel ci the recorder for all ranges. 


The reduction of the test data was accomplished by playing back the test tape on a modified 
atahey playback unit and recording these data on a Consolidated Electrodynamics oscillograph. 
Toe Ampex equipment was also used for checking out the tape recorders and for prerecording 
t tapes. 
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2.5 MECHANICALLY INSTRUMENTED SPECIMENS 


Several of the specimens were equipped with passive type instrumentation which was of 
the peak reading or point value type. These gages were designed in attempts to measure: 
(1) specimen velocity as a function of distance moved, (2) peak overpressure at each tower 
station, and (3) peak temperature variation of a copper sphere. 


2.5.1 Velocity-Distance Impact Gages. The device employed to obtain the velocity- 
distance data consisted of a number of blunt-end, steel plungers arranged to penetrate a soft 
luminum target block after the specimen had moved a prescribed distance. A cutaway drawing 
of a specimen containing a gage is shown in Figure 2.15 and 2 similar drawing of the gage 
itself in Figure C.1. Under the influence of dynamic pressure. the specimen moved away from 
che burst point, while the plunger. because of its inerila, was assumed to Slay stationary in 
space. The specimen, while moving through the distance separating the plunger and target 
block, attained a particular velocity, and the amount of penetration of the plunger into the 
target block was approximately proportional to the square of this velocity. The insert in each 
specimen contained several plungers, each maintained at a different distance from its target 
block by an adjustable spacer. Thus, the velocity of each specimen could be determined at 
several distinct points. The dynamic-pressure cylinders and the composite specimens, 
oriented nose-on, from Stations 100 to 250 feet, each had seven plungers, The composite 
specimens at the 25- and 50-foot stations each contained five plungers. Preliminary calcula- 
tions showed that, assuming an exponential decay of dynamic pressure, the specimen velocities 
would approach a maximum rapidly, under some conditions, even within a few inches. Con- 
sequently, most of the plungers were positioned rather close to their target blocks. 

Shields for the shielded composite specimens were also equipped with velocity-distance 
plungers. The main purpose of their use in the shields was for a determination of the rate of 
separation between the shield and the specimen. 

Because of various specimens and ranges invoived, numerous types of plungers were re- 
auired. Trial tests were performed using the calibration device described in Appendix C. 
Results of these tests indicated the proper plunger-tip diameter to use to obtain an optimum 
penetration for any preassigned expected velocity calculated irom the theoretical impulse 
data. After the sizes of the plungers were determined. a compiete calibration was performed 
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Figure 2.16 Overpressure sphere. 
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2.5.2 Overpressure Spheres. For I pews 2 and its variation 
wil range inside tne fireball, an additions spherical snecimen was axtosed at each station, 
except the first. The specimens, one of which is shown in Figure 2.16, were i ietnaiented with 
bail-crusher gages. Two types of gages were involved, one for the measurement of peak over- 
essure and one for the measurement of maximum speci 1. Getailed drawings 
of both types are shown in Figures D.1 and D.2. Hach spherical specimen contained four pres- 
sure gages ane two accelerometers. The former were equally 2d around the sphere ina 
plane norma! to the direction of shock propagation, and the iat 2 at the rear of the 
specimen with their axes parallel to this direction. 

The design, fabrication, and calibration of both devices, as well as the basic design of the 
specimen itself, were accomplished by personnel of Allied Research Associates, Inc., of 
Boston, Massachusetts. Appendix D, Ball-Crusher Gages for the Measurement of Pressure 

and Acceleration Within the Fireball of a Nuclear Detonaticn, describes the theory upon which 
the design of the gages is based. The basic principle involved is tha:, within relatively wide 
limits. the plastic deformation of the balls is proportional to the forces exerted on them by 
liding pistons. This linearity exists, in connection with annealed copper balls, for defor - 
mation up to 30 percent of the ball diameter; the limit is somewhat lower for other materials. 
Because of the extreme forces involved, aluminum balls were usad in the pressure gages at 
Siation 50; at all other stations, however, annealed copper balls were employed. Dynamic 
calibrations were conducted using a drop-test apparatus to obtain accurate values for defor- 
meson constants. By use of these values, the desired information was obtained. 

tn an exploratory attempt'to determine whether the pressure exerted on a body as a result 
of the vaporization process, i.e., the blow-off pressure, is appreciabie, the front surface of one 
of the pressure gages at Station 150 was altered, as follows: the exoosed piston was cut down 
and threaded, and a '.-inch-thick piece of Micarta plastic was screwed onto the end. Also, to 
minimize the edge effects, the central portion of the cylinder face was recessed and plugged 
with Micarta. The lightweight plastic was expected to be blown off with more momentum than 
steel, thus causing a force to act on the ball which would be larger than those forces experi- 
enced in the other three gages at that station 


2.5.3 Copper Sphere Peak Temperature Determination. in addition to the material loss 
‘tation for the copper sphere, a determination of the maximum-:temperature-attained 
depih-below~the-surface was also desirable. For this purcoss, each copper sphere 
was fitted with a large tapered pin in which were embedded smali siugs of various pure metals 
and eutectic alloys. The pin was to be removed after recovery, and the maximum tempera- 
tures attained at various depths were to be determined by observing which of the slugs had 
melted. 


2.6 SPECIMEN MATERIALS AND PROPERTIES 


A complete listing of the materials and mechanical properties of the specimens is given 


agie 2.3. 


2.7 SUMMARY OF SPECIMEN EXPOSURE 
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TABLE 2.3 SUMMARY OF MATERIALS AND MECHANICAL PROPERTIES 


Ultimate Tensile Ultimate. Tensile 
tensile yield tensile yield 
strength, strength, strength, strength, 
Code Material psi psi Code Material psi psi 
A 1045 steel 98,000 59,000? | o 1945 stee! 98,0ce? $3,000? 
B  - 2017-T4 aluminum 35,000 32,000° |B Conolon 506 resin with - - 
Cc 2017-T4 aluminum 55,000 32,000° : 181 weave fiberglas 
D  —-:1045 steel 98,000 59,0007 § cloth 
" ; 3 Tantalum, commer~ = = 
E aris aluminum = : # | cially pure 
F 1045 steel 98,000* = 59,000" |p = 2017-4 aluminum 55,000  32,000° 
G  CTL-91-LD resin with 12-15,000 9 - I 
macerated 181 weave pe 1045 steel 98,0004 59,0007 
fiberglas cloth v 1045 steel 98,0004 59,0002 
; Ww 1045 steel 98,000% 59,000 
H Speer grade 6095 7 ix 4340 steal heat treated 190,000 180,000 
t 39.99% molybdenum - 7 i Rostewell C49-46 
J 416 stainless steel 85,000° 50,0007 i 
K 99.9% titanium type 95,000~ 8+,100° i ¥. 4340 steel heat treated 190,000 180,000 
é A-70 i Rockwell C43-46 
L ‘ OFHC electrolytic = - oe. 98,000? 59,000" 
tough pitch copper f AS 98,000 59,000 
M 1045 steel 98,000 59,0007 | 98,000 59,000° 
N 1045 steel 98,060" 59,0007 loc 98,000° 59,0007 
fe) 1045 steel 98,600 59,000° | 
P 1045 steel 98,0607 — $9,0002 | DD - - 
| EE 


2 Joseph T. Ryerson and Son, Inc. 
> Alcoa Structural Handbook. 
°“Rem-Cru Titanium, Inc. 
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Figure 2.17 Specimen distribution as to station and tler for Shot Erie. Code letters refer to those given 


in Table 2.4 and numbers are the actual specimen slant ranges in feet. 
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TABLE 2.4 


SUMMARY OF TEST SPECIMEN EXPOSURE 


| ERIE 
7 Se eg 
coDs SPECIMEN { MATERT AL 
| i 
A | Composite Specimen | Steel 
B | Composite Specimen Aluminun | 
C | Composite Specimen-Shielded } alumimim | 
D | Flat Plate-Crooved-Transverse | Steel 
E | Flat Plate-Grooved-Transverse AAs eiaes: 
F |} Flat PlateGrooved-Parallel | | 
G | Sphere | 
H | Sphere ; 
I | Sphere bs 
J | Sphere : 
K | Sphere | | 
L | Sphere ' ! 
Mj Sphere 32" i ; 
N | Sphere 1c | i 
O j Sphere 8" 
| 
P | Sphere 6" | 
ca Sphere &" : 
R | Cylinder | 
5 | Cylinder 
T | Laminated Cylinder ' 
| 
| U Dynamic Pressure Cylinier 
yY | Hollow Cylinder (Fointed) 
W | Hollow Cylinder (Blunt End) 
X |Instrumented Sphere Lz" 
Y | Instrumented Sphere 16" 
2 | Overpressure Sphere 
AX | Dynamic Pressure Cyl. (w/plastic i 
BE | Bailistic Cylinder 
co | Ballistic . (w/olastic insect) 
1 <Dp. i Saxelite Cylinder 
ES |crunsers with Ceramic Insert: 


N | Sphere 10" 
OQ | Sphere 8" 
FF | Spheres with Ceramic Inserts 
GG | Sphere 10" 
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Chapter 3 
RESULTS 


3.1 SHOT AND RECOVERY DATA 


Of the 103 specimens exposed in fireballs by Project 5.9, 88 were recovered. Table 3.1 
lists all the specimens exposed to Shot Erie and indicates the 79 which were recovered from 
that shot. as well as those which were not. All nine specimens exposed to Shot Mohawk were 
recovered. This chapter summarizes specimen damage; Appendix A contains a detailed dis- 

ssion of each recovered specimen. . 


3.1.1 Shot. 2 200-foot tower on 
31 May 1956. 7 Figure 3.1 shows the 
Shot Erie fireball at 1, 4, 7, and 141 msec 2fter detonation. Table 3.2 is a tabulation of the Shot 
Erie fireball dimensions and positions from 25 msec to approximately 1 second. At 1600 hours 
Gn snot day, ., H hour plus 10, an aeria! survey team flew over the specimen-impact area 
for purposes of ronserys ao and photography. The photographs were intended to preserve, for 
use during the recovery program, any visible evidence of specimen penetration into the 
ground. The level of residual radiation, however, was extremely Hates and a minimum flight 
altitude of 200 feet was designated by the Radiological Safety Unit. As a consequence, the 


photographs did not possess sufficient detail for the peenese purpose, and the effort was re- 
sd at 1106 hours on 1 June at an altitude of 100 7 

Reliable radiation readings, obtainable only at ground level, were not available until 

4 days after the shot, at which time they indicated a value of 13.5 r/hr. However, the following 
dav after a heavy rainfall, a vaiue of 5 r/hr was obtained; apparently the rain had leached 
some of the fallout material into the ground. 


On 7 June, 7 days after detonation, a party entered the impact area to recover at least one 
instrumented sphere, as well as any other specimens which were visible. Although the radia- 
tion level was approximately 3 r/hr and the permissible time in the area was correspondingly 
short, the mission was successful. The instrumented sphere from Station 300 was found and 
removed from the area. 


On 19 June, 19 days after the shot, another recovery party entered the impact area and 
red nine additional specimens. The radiation lev! at that time was 1 r/hr, which was 

o higa for an extended recovery effort. Arrangements were made with Rad-Safe to supply 
Dries 5.9 with Weekhy radiation level readings of the ae area. This arrangement afforded 
the opportunity for Project 5.9 personnel to return to the United States to await a reasonably 
iation level before attempting full scale recovery. Figure 2.2 shows the radiation decay 


Shot Erie impact area as plotted from the Rad-Safe readings. 
ad 


§ september 1956, after the leve! of radiation had decayed to approximately 200 
5.9 personnel returned to the test site and attempted to recover the specimens 


et 
ing: however, when only seven additional specimens had been recovered after 
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Composite Specimen 
Composite Specimen 

| comp. oper. Sriglaad 
Pl. Grooved Trans. 

Pl. Groowed Trans. 


Sphere 


FoI Flat Pl. Grooved Parallel | Steel 

a Sphere Flastic 

H Sphere Gragnite | 
I Sonere Mo. 

J | Spnere S. Steel 
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Without Cone 
Approximately 1/2 of Sphere 
Part of a Specimen 


Steal End Caps Missing 
without Plastic Disc 


Lon we oo oe 


Without Insert, Cone and Sphere 
Only the Snield was Hecovered 


Several Large Pieces Recovered Sut Now 


Identified 


Approximately 1/2 of Cylinder 


2 days. it was decided to use heavy equipment. Carrva 


6 inches of the surface at a pass and then to spread ou 
thick. By this method, specimens could be recovered cither in the im 
dumping area. 

A few specimens were found on the surface, but the remaining ones were found at depths 
ranging from a few inchés to 5 feet. It is eerineten.t hat the heavy equipment moved on the 
order of 100,000 ya of soil during recovery. After removing 6 to 8 feet of soil from all areas 
that specimens could reasonably have impacte ed) it was decided that the time and expense to 

search a larger area could not be justified. in view of the low Probability of success. The 


recovery effort therefore was terminated on 
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4 MILLISECONDS 


1 MILLISECOND 


14 MILLISECONDS 


7 MILLISECONDS 


Figure 3.1 Shot Erie fireball growth. 
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Data obtained from Edgerton, Germeschausen and Grier motion pictures 
(1000 frames/sec.) by Allied Research Associates, Inc. 


3.1.2 Shot Mohawk. Shot Mohawk was detonatec on 3 July 1956 at 0606 hours. 
= AEP? No immediate recovery was attempted because of the High tevel 
of radiation Un 4 July, an ater survey team flew over the specimen impact area for the 
purpose of observation and photography. Shot Mohawx radiation decay data were supplied to 
Project 5.9 personnel in the United States by the Rad-Saie unit of Eniwetok.. Figure 3.3 shows 
the Shot Mohawk impact area radiation decay as a function of time after the detonation as 
plotted from these data. These radiation data are for Site saliy . approximately 3,000 feet from 
the detonation point, because it was expected that the specimens would be carried there; how- 
ever, the specimens traveled only 400 feet or less, and were, therefore, found on the shot 
island, Site Ruby, which has a much higher rediation level, 


RADIATION R/HOUR 


RADIATICN R/HOUR 


o.18 


Figure 3.2 Radiation decay of Site Yvonne. 


HOURS AFTER MORAWK DETONATIC: 


JULY 


igute 8.3 Radiation decay of Site S3.ty. 


-. pees vd 


O the day the specimens were recovered, the area was reading 1 r/hr; but since all 9 of 
the specimens were lying on top of the ground, no trouble was experienced in locating and 
recovering them. 


3.1.3. Recovered Specimens Summary. Table 3.1 lists the specimens, or parts of speci- 
mens, recovered from Shot Erie. Forty-four of these specimens were recovered in their 
impact locations, and the remainder were found in the dumping area. Figure 3.5 shows the 
recovery locations of the majority of these 44 specimens with respect to their original posi- 
tions and the burst point. A table listing the preshot and postshot coordinates of each specimen 
found in the impact area is also included in Figure 3.5. 


3.2 PASSIVE SPECIMENS 


In general, the specimens retained their original shape but were reduced in size because 
of ioss of material from the surface; however, a few specimens either had irregular metal loss 
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2 SO & TT i tin rich measured the distance 
and azimuth of any point on the surface from a reference 


point t within the specimen. The maxi- 
mum error in these measured distances wis oo Oia. icin, A ie. pertinent comments regard- 
ing specimen shapes follows 

(1) The 10-inch steel sanens at the 50-fo0t scation was distorted so that at some places 
there was an increase in the radius and at other places a decrease, with the result that the 
specimen was much out of round. 

2) The forward end of the dynamic-pressure cylinder at the 50-foot station was mush- 
roomed by the pressure forces, so that it was larger in r than it was before the shot. 

(3) The copper spheres at the 50- and 150-fcot stations were either distorted or had an 
irregular pattern of material loss, leaving the specimen more elliptical than spherical. 

In addition to the profile determinations, the weight loss of each specimen was calculated. 
Also, an attempt was made to determine the postshot densities of some specimens. The weight 
loss of each specimen was determined by subtracting the postsnot weight from the preshot 
weight. Both these measurements had tolerances of ='-; pound; therefore, the weight loss data 
could have been in error by as much as +'4 pound. The vostshot density of the specimens from 
the close-in stations was measured by dividing their weight in air by their volume as deter- 
mined from their loss of weight when submerged in water: however, any change in density, if 
any, was sO small that it was less than the expected error of the measurements. 

The weight loss and other pertinent information are presented in the ensuing paragraphs, 
and a detailed description of the specimen damage, surface conditions, and depth of metal loss 
as determined from the profile measurements is presented for each specimen in Appendix A. 


or 


3.2.1 Steel Spheres. Sixteen of the 20 steel spheres exposed in the Shot Erie fireball 
were recovered. Those which were not recovered were the 10-inch-diameter stee! sphere at 
the 25-foot station and the 6-inch-diameter sphere, a 4-inch-diameter sphere, and the 20-inch 
segment of the 32-inch-diameter sphere at the 50-foot station. 

With the exception of the specimens exposed ai the 50-foot station, where the surfaces 
facing the burst point were severely pockmarked, the steel spheres from Shot Erie had almost 
the same amount of metal loss over their entire surfaces. Figures 3.6 and 3.7 are typical 
examples of specimens which had pockmarks. 

Weight losses of the steel spheres are summarized in Table 3.3. The table also lists the 
average reduction in radius of the specimens as détermined from the postshot weight. This 
average is the difference between the preshot radius and the radius of a sphere of equal density 
that would have the same weight as the postshot weight of the specimen. 

All eight of the steel spheres from Shot Mohawk were recovered. The weight losses of 
these spheres are also presented in Table 3.3. All the 8- and 10-inch diameter spheres which 
were exposed at the 150-foot level on the specimen tower had two peculiar grooves, about '/, . 
inch deep and '% to °4 inch wide extending around the sphere. These grooves were about 114 
inches apart. There was no correlation of the plane of the grooves with the direction of the 
shock wave. A photograph and profile drawing of one of these specimens is shown in Figure 3.8. 

One of the 10-inch-diameter steel spheres at the 70-foot level on the specimen tower for 
Shot Mohawk had an interesting pattern of resolidified metal: its flow lines started at the two 
poles of the specimen and spiraled around, ending ina line at the equator. More details on this 
phenomenon as well as a photograph are presented in Appendix A, 


3.2.2 Composites, Four of the five steel composite specimens oriented cone forward, 
and all four of those with side-on exposures, were recovered. The one steel specimen oriented 
hemisphere forward, the steel specimen with its cone forward at 25 feet, and all seven of the 
aluminum specimens were not recovered. Six Ree eierenes inserts from composite speci- 
mens were found separated from the composite sheils. Oniv the separated insert from the 
cone-forward steel composite specimen at 200 fest could se positively identified. One of the 
remaining five inserts could have been from the cone-forward steel specimen at 100 feet, and 
the remaining four inserts could have been from aluminum composites; or all five could have 
been from aluminum specimens. 


(a) as viewed from burst point {b) vertical profile 


Figure 3.6 instrumented sphere at the 50-foor stauon from Shot Erie. 


1 
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(a) as viewed from burst point (b) vertical profile 


Figure 3.7 Ten-inch-diameter steel sphere at the 50-foot s:ztion from Shot Erie. 


cation was not recovered. 
© given as an estimate. As- 
the postshot weight of the 
ted weight loss for the 


ly b 


suming that the cone los: the same de: ; 
cone would have been 6', pounds. This assumorion led to an estim 
entire specimen of 60 pounds. 

Both the composite specimens at the 50-foot stat 
forward specimen was crushed by the pressure forcss 


ion were badly damaged. The cone- 
side-on specimen was severely 


shielded from the blast. was badly honeycombed, A pa i the honeycombing is pre- 
sented in Figure 3.9. More details about these damazes ara oresented in Appendix A. 


3.2.3 Flat Plates. Of the six specimens of this type originally exposed, only the alumi- 
num plate, exposed at the 150-foot station and the stee! plate grooved transversely, exposed at 
100 feet, were not recovered. The recovery location of the flat plate, Type D, at the 200-foot 
station is shown in Figure 3.5. The approximate recovery coordinates of the other flat plates 
are also in Figure 3.5. Note that the specimens were found far to the left, clockwise, from the 
line-of-sight through the specimens and the burst point. A summary of the preshot and postshot 
weights is given in Table 3.5. 

In general, the plain side of the plate lost about the same depth of metal as did the bottom 
of the grooves, and the top of the grooves lost an additional ah = Me inch of metal. A plot of the 
preshot and postshot profiles of a section through the canis: of the transversely-grooved plates 
is presented in Figure 3.10 and those for the longitudinally grooved plate in Figure 3.11. The 
latter had more loss on the top of the grooves than the bottom, but both areas lost more toward 
the front than the rear. This variation is also shown in the figure. 


3.2.4 Laminated Cylinders. Three of the six exposed cylinders were recovered. A 
summary of their weights is given in Table 3.6. All three were recovered without the steel 
end caps; and, since no reliable estimate could be made of the weights of these caps, the post- 
shot weights listed in the table were the actual weights of the specimens as recovered, and the 
weight loss data included the loss of both the steel and aluminum. 

-All the laminated cylinders had pockmarks on the outside lamination. These pockmarks 
were large in area but not very deep. Only on the cylinder at the 100-foot station were the 
pockmarks as deep as the thickness of the lamination on which they appeared. 


3.2.5 Hollow Cylinders. The two hollow eylincers were exposed at the 50-foot station, 
but neither was recovered. 


3.2.6 Ballastic and Dynamic-Pressure Cylinders. Ali the ballistic and dynamic- 
pressure cylinders were recovered. The recovery locations o7 the ballistic cylinders are 
shown in Figure 3.5. It may be noted that the two cylinders which were side-on, one Type BB 
and one Type CC, were found at approximately the same distance from their original position 
and that the one which was end-on did not travel as far. The side-on cylinder with the plastic 
disk (CC) was found at a range of 185 feet, the one without the plastic (BB) was found at 184 
feet, and the end-on cylinder (CC) was found at 129 feet. 

Table 3.7 is a summary of the specimen weights and recovery information. 

The dynamic-pressure cylinder at the 50-foot station was badly damaged by pressure 
forces. Details of this damage are presented in Appendix A. 


3.2.7 Material Evaluation Specimens. Fourteen complete specimens and parts of six 
others of the 29 material evaluation specimens were recovered. Table 3,1 lists the recovered 
svecimens, and Table 3.8 is a tabulation of the preshot and postshot weights. 

Recovery locations of those specimens found in their original impact points are shown in 
Figure 3.5. 

Average reduction in radius of the spherical specimens is also presented in Table 3.8. 

The plastic sphere at the 150-foot station broke apart along a horizontal plane; and the 
surface was severely canyoned, as shown in Figure 3.12. Since there was no material loss 

(Text continues on p.52) 
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Average re- 


ge re 
duction in radius, 
Type inches 
6 50 46.3 58t', th O41 
x 12 100 97.9 225 l 0.25 
x 12 150 158.9 205'4, 2 0.20 
x 12 200 205.2 225%) i“ 0.24 
Xx 1 250 257.1 225 202", 0.18 
X 12 300 306.4 225 200 0.20 
Zz 12 50 43.7 251, 2 455%, 0.39 
Zz 12 100 97.7 252 2 347, 0.29 
Zz 12 150 158.7 25214 2 Be 0.20 
Zz 12 200 204.0 253°) ok 20° 0.17 
2 12 250 254.2 2H 2: 21", 0.17 
z iz 300 306.0 252h4 232) & 0.16 
S 10 50 46.4 148'/ 0.51 
N 10 190 97.5 14374 0.22 
oO 8 30 46.2 76 0.68 
Q 4 50 44.9 9.4 0.8 1.12 
SHOT MOHAWK 
N 10 545 = 1485) 93°, 50h, 0.64 
N 10 545 - 148', 108° 5 40 0.50 
N 10 575 - 14834 1h ae 0.05 
N 10 873 - 149 see Diy 0.25 
FF 3 545 - 105 28 0.44 
FF 3 545 - 105°, agi, 0.47 
re) 8 545 = 76 23 0.45 
oO s 545 - 78) 21 0.41 
TABLE 3.4. SUMMARY OF PRESHOT AND POSTSHOT WEIGHT OF STEEL COMPOSITE 
SPECIMENS, TYPE A 
Slant range Weight 
Nominal, Actual, Preshot, Postshot, loss, 
Orientation feet feet pounds pounds pounds 
50 45.8 Wit, 86: 
100 97.7 iat, a 
150 158.2 1457) 61°, 
200 203.5 145") 60° 
50 45.3 156°) i 45°, 
00 97.5 156%) 1 42 
150 158.1 156th, L 46°; 
ave 203.6 136 L grt 


velocitvedistance insert, cone, and sphere were not rec 
e@imen not complete; the velocity-distance insert and cone were separated from cylinder. 
“Estimated weight loss (weight loss of insert 0.0 lbs, estimated loss of cone 6.2 Ibs). 


Figure 3.8 Eight-inch-diameter steel sphere at §45-foot slant range, Shot Mohawk. 


Figure 3.9 Side-on composite, 50-foo: range, s.owing honeycomb. 


TABLE 3.5 SUMMARY OF PRESHOT AND POSTSH 


ae ae: Weight 
Nominal, Actual, loss, 
Type Gronves feat feet pounds 
8) Transverse 30 43.7 57 
D Transverse 150 158.2 48 
D Transverse 200 201.5 3414 
E Longitudinal 150 156.3 50% 


TABLE 3.6 SUMMARY OF PRESHOT AND POSTSHOT WEIGHTS OF LAMINATED CYLINDERS 


Siant range Laminations Weights 
a errr, a 
Nominal, Actual, Thickness, Weight loss,? 
feet feet Number inches pounds 
100 5.9 12 Ys 33! ahs 22 
150 156.1 5 MY 30°, is 22", 
150 156.2 4 % 34, 13'4 20%, 


“Includes weights of missing steel end caps. 


TABLE 3.7 SUMMARY OF PRESHOT AND POSTSHOT WEIGHTS OF OYNAMIC-PRESSURE AND 
BALLISTIC CYLINDERS 


Slant range Weight Weight recovery 
are eateyemenn aii ia, eS en 
Nominal, Actual, Preshot, Postshot, Loss, Range, 
Tepe feet feet Orientation pounds pounds pounds feet? 
U 50 43.3 End-on 14334 91's 52! 253 
U 150 158.6 End-on 144), 10475 393) 101 
U 250 254.5 End-on 14444 126% 17% b 
AA 150 158.0 End-on 1415) 109! 324° b 
ich 150 158.5 End-on 1424, 1i4 pat9 b 
ce 100 95.4 End-on 114% bar 33'4° 125 
BB 100 97.4 Side-on 112 out, 2075 184 
rere: 100 97.4 Side-on 115% Bah) 307% 185 


* Horizontal! distance from original position. 
* Found in dumping area. 

“Includes €.37 pounds loss of plastic disk. 
-Inciudes 0.22 pounds loss of plastic disk. 

© includes 0.20 pounds loss of plastic disk. 


56-foot station 


150-foot station 


206-foot station 
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Figure 3.11 


50 


146 


Figure 3.12 


Plastic sphere, 150-foo 


Figure 3.13 


Plastic sphere, 250-foot station. 


Lhose recovered, Figure 3.12 is 


fe) 
area and measuredca 


ed 
The plastic sphere from the aged specimens of 


TABLE 3.8 SUMMARY OF PRESHOT AND POSTSHOT WEIGHTS OF MATFRIAL-EVALUATION 


Bs cekpaies NS 


Slant range Weight Weight Averige sean 
Nominal, Actual, Preshot, Postshat. io3s, tion in radius, 
Type Material feet feet pounds pounds pounds inches 
G Plastic 150 158.0 17 , a 0.05 
G Plastic 250 256.6 16° i3', i 0.02 
H Graphite b - - - - - 
I Molybdenum 25 24.8 ggl Ts C - 
I Molybdenum 100 95.3 gal, $2 164 0.24 
I Molybdenum 200 203.9 99%, at 12%, 0.18 
5} Stainless steel 25 24.3 reer a - 
J Stainless steel 100 97.4 73%, 17%, 0.34 
J Stainless steel 200 203.8 74 114, 0.22 
K Titanium 100 $5.3 43°) 16 0.56 
K Titanium 200 201.8 44 104, 0,35 
L Copper 50 44.7 87 5a'4 1.27 
L Copper 100 95.3 86h, ayy 0.79 
1 Copper 150 156.1 86, 307 38h) 1.19 
L Copper 200 201.6 B61, S47 5* 42 0.80 
L Copper 250 2544 87 495, 374 0.68 
Ss Tantalum copper 100 nine 15654 a3", 
5 Tantalum copper 200 201.6 156 101°, 
DD Bakelite cyl. 200 201.7 20!4 13 - 
EE Cylinder with 106 95.3 113°4 we - 
ceramic inserts 
EE Cylinder with 200 201.8 12014 bs epee - 
ceramic inserts 
EE Cylinder with 200 201.7 1155) aS ore : 
ceramic inserts 
FF Sphere with 5458 B45 105 7 2s - 
ceramic insert 
FF Sphere with 5458 525 105% way 29" - 
ceramic insert 
GG Aluminum 5458 545 51 28', 92h 0.88 


2 Approximately of specimen was recovered. 

> Several large pieces recovered but not identified. 

© Only a small part of specimen recovered (see text), 

7 Specimen not positively identified, could be from 200 foot station. 
; Specimen not positively identified, could be from 150 foot station 
“ Combined loss of tantalum, copper, and steel. 

® Exoosed to Mohawk. 


ed that the mounting bolt was still attached to the specimen. The front sector of the sphere 


Abe 
oe some large, but shallow, sections broken out. Except for the shallow sections missing from 
the 


front face, there was no structural failure of the specimen. 
The molybdenum sphere from the 25-foot station also broke apart, and only part of it was 
overed. The depth of metal loss was determined by measuring the profile of the recovered 


5 and then fitting the best radius to the orofile rethod, the metal loss was 
wstumiied to be 0.74 inch in 2 raiisi direcrion. A a i loss Over the entire 
suriace of the sphere, the weight loss of the entire snecimen, had it remained in one piece, 


wouid have been approximately +3 pounds. 


Both the spheres and three of the Six cylinders whi 


ofa hneld the scecial purpose alloys were 
recovered. Comments on the postshot conditions of the inserts are presented in Appendix A. 


3.3 ELECTRICALLY INSTRUMIENTED SPECIMENS 


All six instrumented spheres exposed on Shot Erie wer: recovered. The magnetic record- 
ing tapes from the three farthest specimens, Stations 200, 250, and 300, were played back after 
the test. Although heat had damaged the tapes, some time-history data from Stations 250 and 
300 are presented. The recorder at Station 200 stopped at shock arrival so no data was re- 
corded. The tapes of the remaining specimens, Stations 60, 100, 150, were so brittle that play- 
back was impossible. However, it was determined by weighing the take-up and pay-out spools, 
that the Station 150 recorder had operated for at least 6 seconds after time zero. 

Damage to the specimen container, recorder, and transducers varied from minor damage 
at the farthest ranges to heavy damage at the close ranges. Appendix B, Section B.3. describes 


in detail the damage sustained by all electrically instrumented specimens. 


3.3.1 Station 200. The magnetic recording tape in the Station 200 recorder stopped 
when the shock wave and fireball engulfed the specimen. The exact reason for this recorder 
failure was unknown; however, the specimen was Subjected to a peak acceleration of approxi- 
mately 11,000 grams and this appeared to be the most probable cause. 

The only significant damage to the Mylar recording tape was caused by heat. It is esti- 
mated that the tape was subjected to a temperature of approximately 500F sometime after the 
specimen had impacted the ground. This relatively high temperature caused the oxide binder 
to become soft and sticky and ultimately caused part of the oxide to be transferred from its 
normal side of the tape to the adjacent back side of the tape on the take-up reel. This oxide 
transfer (called blocking) was evident on the entire Station 200 tape, except in the area that 
was between the pay-out and take-up reel, i.e., that area which could not block because there 
was no adjacent surface to which the oxide could be transferred. The heat had caused some 
signal disturbance in this unblocked area; however, there was sufficient signal remaining to 
determine time zero and shock arrival times. It took 5 msec for the fireball to expand and 
engulf the instrumented sphere at Station 200. Time zero was determined from disturbances 
on the motor timing, depth-of-melt, and transistor oscillator channels. Shock arrival was 

determined from the two accelerometer channels and the transistor oscillator channel. Accu- 
racy of this shock arrival time was estimated to be = 20 percent. 

Transistors are known to be sensitive to neutrons, and it was suspected that the transistor 
oscillator might fail at time zero. However, it continued to operate through time zero and 
failed at shock arrival. A slight disturbance was noted at time zero, but the oscillator fre- 
quency and amplitude showed no significant change until shock arrival. 

The nuclear radiation experienced by the specimen at Station 200 apparently caused no 
disturbance or loss of signal on the magnetic recording tape. 


3.3.2 Station 250. The recorder at Station 256 operated satisfactorily, and the recording 
tape ran all the way through. The tape had evidently been exposed to high temperature, be- 
cause it was badly blocked. This blocking occurred on the tape in the vicinity of time zero and 
the oxide had transferred so completely that it was necessary to play back the reverse side of 
the tape as well as the normal side. This reverse side playback introduced many problems in 
the reduction of the data. It was necessary to add together the deflection readings from the 
normal and reverse side playback of a channel to obtain the aciual recorded information. The 
necessity of this type of data reduction reduced the reliability of the information obtained from 
this specimen; however, most of the data was of sufficient interest to warrant presentation in 
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transistor oscillator. The accuracy of this time : 
rival when the oscillator stopped. In the absence of an independent time base subsequent to 
is time. the recorder speed after shock sera! YAS Lisa noMeeremee rne as before. Even 


on the basis ur this assumption the accu racy of ¥ rrival was estimated 
to be +2 percent or +1 msec, whichever was Pa Soe “The motcr timing channel was sensitive 
to recorder shock loads and provided indications of initial shock wave enguliment and impact 
of tne specimen with the ground. The two accelerometer channs.s. as weil as the motor timing 
channel, indicated that the specimen from Station 250 impacted the ground 1.27 = 0.03 seconds 
after shock wave engulfment. 

It is important to note that the transistor oscillator in this specimen also operated through 
time zero and stopped at shock arrival. Some disturbance was noted on the oscillator channel 
at time zero, but the frequency showed no significant change. 

Radial Acceleration. Figure 3.14 presents the recorded time history of the radial 
acceleration experienced by the instrumented sphere at Station 250. The ordinate scale has 
been omitted from this curve because of the uncertainty introduced by the addition of the 
signals played back from the normal and reverse sides of the tape. Although the ordinate scale 
is in doubt. the general wave shape is considered a reasonabie representation of the accelera- 
tion experienced by the specimen within the frequency response limits of the recording circuit. 
Shock arrival time of 9 + 1 msec was determined from this curve. A slight disturbance can be 
opserved at time zero, but it is so small that is is of the same order as the normal signal 
variations and cannot definitely be attributed to time zero phenomena. 

Normal Acceleration. The recorded norma! acceleration time history at Station 
250 is presented in Figure 3.15. This curve is also presented without an ordinate scale be- 
cause of the uncertainty introduced by the addition of the signals played back from the normal 
and reverse sides of the tape. Signal variations known as drop outs, caused by dust or im- 
perfections on the tape, also contributed to the uncertainty of recorded data. The variation in 
the curve prior to time zero illustrates a particularly large extraneous signal. It is possible 
that time zero phenomena such as electromagnetic disturbances or neutron bombardment 
caused the rapid signal variation observed at time zero. If this were a time zero phenomena, 
it caused no permanent damage in the accelerometer or recording head because both were 
found in operating condition after the shot. Although the amplitude of this curve was question- 
acle, the time base was considered good. Reflected shock arrival time of 36 msec was de- 
termined from this curve. 

Temperature of Steel at a Depth of 0.016 Inch, Figure 3.16 presents 


wy 


the recorded temperature time history of the rear surface of 2 steel eae 0,016 inch 


ck whose front surface was exposed to the thermal energy within the fireball and isothermal 
ee Temperature scale accuracy on this curve was estimated to be =30 percent, The 
cnromel-alumel thermocouples were reliable to only 2400F, and hen o data is presented 


above this temperature. It is possible that some of the rapid signal ee could have been 
caused by an intermittent thermocouple; however, if the circuit had opened completely for 4 

sec or more, the signal would have dropped to zero, The disturbance observed at time zero 
may have been caused by time zero phenomena; however, if this were true, it was of sucha 
low magnitude that it caused no circuit damage. 

The depth-of-melt channel at a depth of 0.016 inch below the surface of the sphere indi- 
cated a completed circuit at 17 msec after detonaiion. This was the only such indication re- 
corded on this channel during the period of interest except for the time zero pulse, 

Temperature of Steel at a Depth of 0.031 Inch. The recorded tempera- 
ure time history of the rear surface of a steel diaphragm 0.031 inch thick is presented in 
a 17. Accuracy of the temperature scale is estimated to be £30 percent. Although an 

ent thermocouple was possible on some of the quick sienal variations, the relatively 
3 time constant of approximately 1.3 msec reduced the provability of such circuit disturb- 
ances. No time zero disturbances were observed on this channel. 

Temperature of Steel at a Depth of 6.060 Inch. igure 3.18 shows the 
recorded temperature time history of the rear surface of a Stee] dianhragm 0.060 inch thick 
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Figure 3.15 Normal acceteration versus time o: instrumented sphere at Station 250. 
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Figure 3.16 Temperature rise of stee! versus time at a depth of 0.013 inch below surface of the 


instrumented sphere at Station 250. 
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Figure 3.18 Temperature rise of steel versus time at a depth of 0.0¢0 inch below surface of the 
instrumented sphere at Station 250. 
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of the rapid signal variations ates 1603 msec cou! 1d: ia ren due to an intermittent thermo- 
couple, but it is doubtful that the sit No cisturbances due to 
time zero phenomena were cbserved. 

Figure 3.19 shows the orientation of the thermocouples and depth-of-melt transducers 
with respect to the direction of the direct shock wave from the detonation. This figure may be 
of assistance in the interpretation of the temperature tims } Sey 
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3.3.3 Station 300. Approximately 6 seconds of recording tape ran through the recorder 
after time zero at Station 300. The tape apparently jammed >2cause the neoprene sleeve on 
the pinch roll became enlarged and caused a malfunciion of the capstan assembly. The en- 
largement of the pinch roll could have been due to the neutron bombardment. The capstan 
itself continued to rotate for some time, as evidenced by a spot on the recording tape that was 
rubbed bare of oxide. 

The Mylar recording tape showed blocking at both encs; however, in the area of interest 
the blocking was minor and most of the oxide was on the normal side of the tape. A small por- 
tion of a few channels required the addition of data from both sides of the tape. 

The transistor oscillator stopped at time zero, and the error in the timing reference before 
time zero was estimated to be less than =] percent. Since no time base was recorded after 
time zero, the recorder was assumed to operate at a constant speed through time zero and 
until it jammed. Time base error after time zero was estimcted to be within +2 percent or 
+l msec, whichever was greater. The motor timing channel was helpful in determining time 
zero and shock arrival. The depth-of-melt channel was the primary factor in the accurate 
determination of time zero for the even-numbered channels. 

Radial Acceleration. Figure 3.20 presents the recorded time history of the radial 
acceleration experienced by the instrumented sphere at Station 300. The possibility of drop- 
outs, as well as the relatively low frequency response (flat de to 50 cps), indicates an esti- 
mated accuracy of +40 percent of the acceleration scale. except for the two large peaks im- 
mediately after shock arrival. The low frequency response of the recording system probably 
prevented accurate recordings of these peaks and their possible error is therefore greater. 

A shock arrival time of 13 + 1 msec was determined from this channel. If the slight disturb- 
ance at time zero was due to time zero phenomena, it was insignificant as far as damage to 
the channel was concerned. 

Normal Acceleration. The recorded nor 
300 is presented in Figure 3.21. The amplitude of thie curve Was edueed by some time zero 
ohenomena to approximately ea of its original preshot dimension. This amplitude change and 
low frequency response of the recording circuit, along with the possibility of drop-outs, in- 
dicates an estimated overall acceleration scale accuracy for this channel of +50 percent, ex- 
cépi in the vicinity of initial and reflected shock arrival where the low frequency response 
could introduce a larger error. This amplitude change is one of the few recorded disturbances 
which can definitely be attributed to time zero phenomena. 

Temperature at a Depth of 0.011 Inch. Figure 3.22 presents the recorded 
temperature time history of the rear of a 0.011-inch-thick steel diaphragm positioned with the 
front surface exposed to the thermal energy within the fireball. The temperature scale ac- 
curacy of this curve was estimated to be +30 percent. The curve indicated that the temperature 
rise, having exceeded 2400F (which was the thermocouple limit) at approximately 48 msec, 
dropped below this temperature at 50 msec or 2 msec Inter. No time zero disturbances were 
observed on this channel. 

The 0.011-inch-deen depth-of-melt channel at this station recorded a pulse at 29 msec 

ier detonation. This was the first pulse after the time zero indication, 

Temperature at a Depth of 0.0213 Inch. The recorded temperature time his- 
tory of the rear of a 0.021-inch-thick steel diaphragm having its front surface exposed to the 
thermal energy within the fireball is presented in Figure 3.23. The accuracy of the tempera- 
cure scale on this curve is estimated to be +20 percent. The possibility exists that the thermo- 
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Figure 3.20 Radial acceleration versus time of instrumented sphere at Station 300. 
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Figure 3.21 Normal acceleration versus time of instrumeated sphere at Station 900. 
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Figure 3.22 Temperature rise of steel versus time at a depch of 6.011 inch 
below surface of smisanented sphere at Station OU, 


This channel 


cata ious at a Depth of 0.04! Inch. ure 3,24 presents the Eecorded 
temperature time history of the rear of a 0.94 Sige. dian! 
guriace exposed to the thermal energy within the fireball. scale accuracy of 
this curve is estimated to be £20 percent. The disturbance nay have been due 
io time zero phenomena; however, if this were true, they were much toc small to harm the 
recording circuit. 

Figure 3.25 indicates the orientation of the thermocouple ana denth-ci-melt transducers 
with respect to the direction of the shock wave. This figure may aid in the interpretation of 
the temperature time history curves. 


3.4. MECHANICALLY INSTRUMENTED SPECIMENS 


Mechanically instrumented specimens were those which were designed to contain passive 
type instrumentation which were either peak reading or point value gages, the velocity-distance 
gages being point value gages, and the ball-crusher gages and temperature measuring gages 
being of the peak value type. 

Eleven of the 20 specimens containing the velocity-distance sages were recovered; seven 
of the eleven yielded reliable data. All six of the specimens containing the ball-crusher gages 
were recovered; however, the one from the 50-foot station had 5e2n crushed so severely that 
only one gage has been removed from the specimen. Five of the six peak t2mperature speci- 

mens were recovered, 


3.4.1 Velocity-Distance. Only one of the 11 recovered specimens failed to yield reliable 
data due to malfunctioning of the velocity-impact gage. Three other recovered specimens failed 
io yield usable data because of overpressure and material ablation effects which resulted in 
destruction of the specimens, 

The specimen velocity data obtained by applying the calibration data to the depth of pene- 
tration readings must be corrected to account for the effects of specimen acceleration during 
plunger penetration, since the calibration data was obtained for zero specimen acceleration. 
The derived equation to effect these corrections is 


vi=vi-2 (P" xX, 45, (3.1) 


where; zt = Actual impact velocity, 
= Impact velocity as indicated from calibration data, 
a = Specimen acceleration, 
6 = Plunger penetration. 


A complete analysis of the velocity-impact gage including a derivation of the above equation is 
presented in Appendix C. If the specimen acceleration during plunger penetration were ap- 
preciable, i.e., of the order of 9,000 grams for the larger sized plungers. a correction would 
have to be applied to the indicated impact velocity to determine the actual impact velocity, 
which was the actual specimen velocity. Theoretical calculations and inspection of the test 
results indicated that these high accelerations occurred during extremely short periods of 
time at the beginning of specimen travel for specimen movements of approximately om inch, 
oe only the data points between zero and V-inch specimen travel were appreciably 
affected by the acceleration corrections. 

The data points obtained from the plungers spaced at farther distances could be some- 
what in error due to Coulomb friction on the plungers as they moved relative to the tube. This 
effect would have been negligible had the specimens been accelerated in a direction parallel to 
tne longitudinal axis of the gages. Application of the data presented in Fizure 4.3, however, 
showed that the specimens located at the 150-foot station were accelerated in a direction 12 
degrees from the longitudinal axis of the gage. The specimens ‘ocated at the farther ranges 
came closer to being accelerated in the desired direction but were still somewhat in error: 
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Figure 3.23 Temperature rise of siec. versus time at a depth of 0.021 
inch below surface of instrumented sphere at Station 300. 
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Figure 3.24 Temperature rise of steel versus time at a depth of 0.041 
inch below surface of instrumented sphere at Station 300, 


DEPTH - 0,041 DICKES 


SECTION ANA 
THERMOCOUPLE 
DSPTH ~ 0,012 INCHES DEPTH - 0,011 DICHES 


Figure 3,25 Orientation of the thermocoup!e and desth-of-melt transducers 
with respect to shock wave for instrumented sphere at Station 300, 
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at the closer ranges. 

Composite Specimens. All the composiie specimens which were oriented end-on 
contained the velocity-distance impact gages. Only two of these specimens remained intact, 
and only one other velocity-distance insert could be identified. The cone-forward steel speci- 
mens at the 50- and 150-foot stations were recovered complete; but the one from the 50-foot 
station was so severely crushed by the pressure forces that tne gagsés were damaged, and no 
data were obtained, The specimen from the 150-foot station had two broken plungers which 
did not penetrate, and the other plungers had only a few thousandths of an inch penetration. The 
cone-forward steel composite at the 200-foot station came apari, and the velocity-distance in- 
sert was found separated from the specimen; this specimen also had plungers which experi- 
enced little, or no, penetration. 

Dynamic-Pressure Cylinders. The dynamic-pressure cylinder at the 50-foot 
station was so badly damaged (Section A.1.5) that the velocity-distance gages were destroyed. 
The cther four cylinders, two with plastic disks and two ~ithout, were recovered and 
yielded good velocity-distance data. Figure 3.26 is a plot of the data for the dynamic-pressure 
cylinders without plastic disks and Figure 3.27 is a plot for the cvlinders with plastic disks. 

The data points representing a distance traveled of 0.250 and 0.500 inch on the four curves 
presented in Figures 3.26 and 3,27 are considered to be reliable measures of the actual speci- 
men velocities within an estimated +10 percent, since the acceleration corrections were small 
for these points. The lower velocity readings for the 4.00 and 7.95 inches distance traveled 
data points, especially at the 150-foot stations, could have been the result of Coulomb friction 
on the plungers, since acceleration corrections were negligible in this region and since it is 
not believed that a negative acceleration was experienced by the suecimens at that time (of the 
order of 5 msec). It is believed that the BpecHnene at the 150-foot range nearly attained their 
maximum velocity before they had traveled | 7, inch, The velocity of the specimens at the 
greater ranges was more gradually built up as evidenced by the velocity curve, Figure 3.26, 
of the dynamic-pressure cylinder located at the 250-foot range. Ths. data for all four curves 
presented in Figures 3.26 and 3.27 was only qualitatively determined by the methods presented 
in Appendix C in the region from zero to ‘, inch distance stave 12d 3 nsequently are pre- 
sented in dashed form. 

Shi elds From Composite Specimens, The Shields from the three composite 
mens were recovered, but the specimens were not. The velocity-distance data is of little 
without the specimen but is presented here as evidence that the shields did accelerate at 

meh rate and should have accomplished their objective if the aluminum composites had been 

overed, 

The velocity-distance curves for all three shields are presented in Figure 3.28. The shield 
at tne 150-foot station and the one on the left-hand side at the 200-foot station were designed to 
Slide off the specimen at the same time interval after shock arrival, and the shield on the 

nents -hand side at the 200-foot station was to require twice as long. As shown by the data, the 
two shields which were to slide off the specimen in the same interval reached the same ve- 
locit : at approximately the same distance traveled, and the one designed to require twice as 
jong to clear the specimen had attained only % this velocity at the same distance. 
wo of the plungers in the shield on the right-hand side at the 200-foot station penetrated 
. COmplotely through the aluminum target block and trapped some aluminum between the 
anger and the steel! plate which was backing up the target block. Therefore, the values given 
on the graph are minimum values for these two points and the curve is correspondingly low. 

The curves presented in Figure 3.28 for the shield on the a -nand side of the 200-foot 

station shoud be used in a qualitative sense only, since no acceleration corrections were made 
Se ake i. The curves from the specimens at the 150-foost station and 200-foot station (lefi- 
e} have been corrected by the method presented in Appendix C, 
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Figure 3.25 Specimen velocity versus distance traveled. dynamic pressure cylinders without plastic disk. 
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Figure 3.27 Specimen velocity versus distance travelec for the tvo dynamic pressure cylinders with 


plastic disks, Station 150. 
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Figure 3.28 Velocity versus <.s:ance traveled, shields for composite specimen. 
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sponses for the various postulated dynamic inputs to EOS, The: 3e postuiated inputs are 
presented in Appendix D. The peak pressures are snown in Figure 3.29 for two of the postulated 
inputs, namely the Taylor Wave and the Taylor Wave plus the clow-oif pressure. From the 
figure, it can be seen that, for a given bail deformation, a smaller peak pressure (at the closer 
ranges) is calculated when the comdined Taylor Wave plus blow-off pressure response of the 
gage is used instead of the Taylor Wave response alone, since ihe blow-off pressure is also 
acting to increase the deformation. Only one data point is given for the 50-foot station, since 

at this time the other gages had not been removed from the specimen. The lower bound shown 
in the figure for the 50-foot station is given as the ultimate strength of the steel used in the 


gage (250,000 psi), since the gage failed from pressure loading. 


TABLE 3.9 PEAK ACCZLERATION FROM BALL-CRUSHER DATA FOR 
VARIOUS DYNAMIC INPUTS TO THE OVERPRESSURE SPHERES 


Station 109 150 200 250 300 

Gust g 2.81104 to3sxio! s27x10° 2.89x10? 1.035 x 10° 
Peak 

Diffraction g 5.g~xi0! as2x«10f 9.46% 10° 4.43 x 10° 1.81 x 10° 


plus gust Peak ‘ 


It is not possible to quote any degree of accuracy for the ball-crusher data, since the re- 
sults are based on the dynamic response of the gage to 5 postulated input; however, it can be 
said that the observed pressures agree to Within a ee r of tnree with the theoretical predic- 
tions based on a simple Taylor Wave model. 

The data from the ball-crusher accelerometers was reduced in much the same way as the 
ou reser gages. ene Sees te: for these gag e5 was assumed to be either a combi- 

or gust loading only. The observed peak 
accelerations from hace inputs are shown in Table. 3.9. The datz shows that for a given ball 
deformation the existence of the diffraction input leads to a larger apparent peak acceleration. 


3.4.3 Copper Sphere Temperature Distributions. Five of the six copper spheres con- 
taining the peak temperature devices were recovered and the tapered pins were removed. A 
ae of the metallic slugs in the pins indicated that. except for a few near the surface, all the 
slugs had melted. This indicated that the peak temperatures attained at various depths below 
the surface were higher than predicted. This higher temperature could have been a result of 
the iact, that the copper sphere lost approximately twice the amount of metal, as predicted. 
Since almost all the slugs melted, no conclusions can be drawn as to what the peak tempera- 
tures actually were at various depths. 


Chapter 4 
DISCUSSION 


Profect 


ae ee ae er aor 
. .9 Specimens were exposed to the fireballs of particular nuclear etonations in a specialized 
manner, and it is recommended that any attempt to extrapolate tnese data to other exposure 
conditions take into account the complex nature of the various damage mechanisms discussed 


in this chapter. 


4.1 THERMAL DAMAGE 


Thermal energy caused more damage to specimens within che fireballs of Shots Erie and 
ee wk than the other two general nuclear detonation phenomena: blast and nuclear radiation. 
his damage was primarily material ablation, the most important contributing factors to which 

pr obably the temperature of the isothermal sphere at the time of engulfment and the tem- 
pete ture time history of the specimen from the time of engulfment to ground impact. A theo- 
retical curve of the temperature time history of the isothermal sphere for a 20 kt device was 
AbiaGied from Reference 2. This curve was scaled to 15.5 kt (Shot Erie) by scaling time by the 
cube root of the yield ratio and is presented in Figure 4.1. 


4.1.1 Specimen Engulfment Times. Ablation of material ov a nuclear fireball is un- 
coudtedly a strong function of the specimen engulfment ti s enguliment time is deter- 
minea by tne speed and trajectory of the specimen and the fir mapatl esrowth and position with 
pane specimen, 


tar 
om 


in auch manner that the mounts would introduce no 6 sienihiGant forces to the speci- 
engulfment, the trajectory calculations were made without consideration of these 
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SOE LT DVO Squarions: 


(4.1) 


x= Vogt cos A’; (4,2) 


where: V) = Initial velocity, (ft/sec); 
t = Time, (sec); 
g = Acceleration due to gravity, ft/sec"); 
A’ = Departure angle, (degrees), (see Figure +.3); 
y = Vertical distance traveled in time t, (ft); 
x = Horizontal distance traveled in time t, (ft). 


Figure 4.2 shows the physical correspondence of the factors in the above equation. Since 
the specimen preshot height above ground and its postshot recovered range are both know, it 
remains only to determine the departure angle so that both V, and t may be calculated. 

The departure angle of the specimen is dependent upon the direction of the impulse re- 
ceived from the expanding fireball and shock wave and from the shock wave reflected by the 
ground, ‘On Shot Erie the effect of the reflected shock wave, because of its relatively long path, 
was considered negligible for specimens closer than 150-foot slant range. The direction of 
the expanding fireball impulse for Shot Erie was determined from the fireball growth pictures 
of Figure 3.1. These photographs clearly show Project 5.9 specimen towers as well as the 
growth of the fireball. The impulse from the fireball was assumed to act in a direction normal 
to the surface of the fireball. The departure angles were determined from the pictures in 
Figure 3.1 by constructing a normai to the surface of the fireball in the vicinity of the speci- 
mens. This departure angle, A, is presented as a function of slant range in Figure 4.3. An 
estimation of the effect of the reflected shock on the departure angle is presented as A’ in 
Figure 4.3. This estimation was based on the impact time recorded by the instrumented sphere, 
using Equations 4.1 and 4.2 in the following manner: i preshot height, postshot impact distance, 
and impact time are substituted in Equations 4.1 and 2.2, there ramain only two unknowns, V, 
and A’, in the two equations which can then be solved simultaneously. Thus, the impact time 
recorded by the instrumented sphere at Station 250 had assisted in a determination of the initial 
velocity and departure angle for that specimen. 

Having determined the departure angle A’, the initial velocities V; and impact times t; were 
calculated for all Shot Erie spherical specimens for which impact distances were known by 
using Equations 4.1 and 4.2. These data are tabulated in Figure 4.6. 

Since spherical specimens having the same diameter, even though different masses, should 
receive equal impulses from the shock wave when exposed at the same range, it was desirable, 
for correlation purposes, to convert the velocities and masses of these specimens to impulse. 
The following equation was used to calculate specimen impulse: 


Ip = Vp M; (4.3) 


where: I, = Total specimen impulse, (lb-sec); 
V, = Initial velocity, (ft/sec); 
M = Specimen mass, (lb-sec’ ft’. 


The specimen impulse, thus calculated, is compared to similar specimens at other ranges 
in Figure 4.4. This figure correlated the impulses received by the 12-inch- and 8-inch-diameter 
specimens and also shows how the 10-inch and 16-inch snecimen impulses compare with the 
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shock wave rcbour ree from the ground Deneath the shot may have: 
and isothermal sphere. This hollowing -out, or cupping, wi . E 
ticeable on the motion picture frames from which these data we Various opinions 
en expressed as to the probability of cupping and its ef ecimen engulfment 
times. Since the cupping would only affect the specimen exit time, and this is probably much 
less important than the entrance time, the effect of any cupping is probably slight. In view of 
the lack of any actual data and the probability that the effect of cupping is negligible, this phe- 
nomena has not been considered in the computation of enguliment times which follows. 

Engulfment times for the spherical specimens exposed in Shot Erie were obtained from 
curves similar to Figure 4.5. This figure shows the time history of the location of the fireball 
and isothermal sphere above ground along a 45 degree line formed by the specimen locations. 
The fireball data were obtained from Figure 3.1 and Table 3.2 in the Results Chapter of the 
main report. The isothermal sphere location inside the fireball was scaled from data con- 
tained in Reference 2. Typical time histories of the vertical location of each specimen are 
illustrated in Figure 4.5 and were obtained from the trajectory data above. The engulfment 
times for ali Shot Erie spherical specimens are shown in Figure 4.6. These times were com- 
puted from curves similar to Figure 4.5. 


4.1.2 Ablation Mechanisms. The ablation of material from a specimen within the fire- 
ball by thermal means can be accomplished by several mechanisms, namely: vaporization, 
meliing, and spalling. However, the determination of the magnitude of each of these mecha- 
nisms on a given specimen by postshot analysis is difficult. if ail the mechanisms were con- 
tributive, any observable effects due to one could be obliterated by the effects of any subsequent 
mechanism. Each of the above three mechanisms is discussed in the following paragraphs with 
the odiect of presenting briefly current thinking to provide an avgreciation of the various pa- 
rameters which affect these mechanisms. Project 5.9 data is used throughout the discussion of 

each mechanism to support or contradict the explanations of the chanisms. 

Va porization. The mechanism of vaporization of met tats pecimens within the high 
energy region of a nuclear fireball is complex. The radiant enercy available inside an iso- 
thermal sphere at 100,000K is sufficient to vaporize many times the material which was ac- 

aily removed from the specimens. Since the measured loss was m i23s than the available 
energy would indicate. it follows that some phenomena must have retarded the process of va- 
BOP LAID The most probable and reasonable explanation for t retarding action is that the 
yapors from the specimen effectively shield the Bie an 3 attenuate or reduce the 
rzy incident on the surface at any subsequent time 
Consider a metal specimen which has just been engulfed by the isothermal sphere of a 
nuclear detonation as shown in Figure 4.7. Upon engulfment, the extremely high energy level 
of the isothermal! sphere caused the outer surface of the specimen to vaporize almost im- 
mediately. This results in a minute amount of material loss and the formation of the vapor 
layer illustrated in Figure 4.7. The specimen surface is thus shielded from the high energy of 
the isothermal sphere by the relatively cool vapor. The objectives of several Project 5.9 speci- 
mens were directed toward understanding the action of this vapor layer and its associated 
ielding characteristics. If the vapor layer were swept away Dy the action of the moving ma- 
rial surrounding the specimen, it would reduce the shielding effect of the layer and thus be 
important to the feeenaniels of ablation by vaporization. Theoretical calculations have indi- 
i is negligible: however, the longitudinaliv grooved flat plate was exposed in 
mine experimentally the effectiveness of a Gynamic Sweeping. 
inally grooved plate recovered from the 150-foat statio: n snowed more metal 
@ front than it did toward the rear on both the grocved and flat sides. The grooved 
ide averaged between 10 gad 25 percent more metal loss on the front than on the rear, and the 
riation a.ong the flat side was approximately 10 percent, 
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Figure 4.5 Engulfment time determination for the electrically instrumented specimens. 
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Engulfment times for Shot Erle spherical specimens. 
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stantiate the existence of an attenuating vapor layer and that some eweeping of this layer did 
occur. 

Another objective of the flat nats exposure was ie understanding of the 
vapor layer, its thickness, and its attenuating characteristics. To date, the analysis of the 
metal loss sustained by the flat plates has yielded no con ive results concerning the magni- 
tude of the shielding properties of the vapor layer. Further analysis may provide some ten- 
tative data on the thickness of the attenuating vapor layer. 

Acceptance of the vapor layer attenuation theory leads to the conclusion that the shape of 
the specimen may affect its ablation by vaporization. Consider three specimen shapes: a plane 
surface, a cylindrical surface, and a spherical surface of the same radius as the cylinder. As- 
suming that the average directions of the vaporized molecules are normal to the surfaces and 
that the average molecular velocities are equai for the three surfaces, it can be shown that for 
equal depths of metal loss the average vapor density of cylindrical surfaces is less than plane 
surfaces and greater than spherica! surfaces of the same radius. Since lower average density 
indicates a smaller attenuation, which would result in more ablation, it would be reasonable to 
expect more material loss on a spherical surface than on a cylindrical surface of the same 
radius, all other parameters being equal. Similarly, cue to tais radius of curvature effect, the 
material loss on a plane surface should be less than either a cylinder or sphere. The com- 
posite specimen offers the best comparison of cylindrical and spherical surfaces, since these 
surfaces were on the same specimen and therefore experienced the same time history. Only 
side-on steel composite specimens were considered because the cone-forward composites 
showed some sweeping effects which complicate the comparisons. The spherical surfaces of 
all recovered side-on composites showed more meta! loss than their cylindrical surfaces. This 
daia tends to support the radius of curvature theory developed above. 

Extending the radius of curvature arguments to spherical specimens of different radii 
would lead one to expect more ablation by vaporization on smaller zaane specimens. This 
effect was noted at the 50-foot station on Shot Erie, as shown in Figure 4.3. This data is for 
1045 steel spheres with the exception of the 8-inch radius which was 4340 steel. The plane side 
of the flat plate (sphere of infinite radius) at the same range lost an average of 0.56 inch of 
stee!: however, it may have had 2 ionger enguifment :ime and nence the loss may be high com- 
pared to the spheres. The values given in the figure are actuai loss, and no attempt has been 
made to correct this data for differences in engulfment times since the duration of the engulf- 

ments as shown by Figure 4.5 are approximately equal. 

The measured metal loss on 4- and 5-inch-radius steel specimens exposed in Shot Mohawk 
seems to contradict the radius of curvature theory, because the larger sphere lost a greater 
depth of metal than the smaller one as shown in Tabie 3.3. Future theory development should 
attempt to explain this apparent reversal of the radius of curvature effect for the larger yield 
device. 

Since the corners of the flat plates and cylinders could be considered as areas of near zero 
radius, the radius of curvature effect would predict a largs material loss for these areas leav- 
ing them rounded to a considerable extent. In this regard, the Teapot and Redwing data are 
somewhat contradictory. Inspection of the cylindricai specimens exposed in Operation Teapot 
showed that their corners were rounded to a radius of about | inch, thus supporting the above 
nypothesis. However, with only a few exceptions, the corners of the flat plates and cylinders 
exposed during Operation Redwing remained eGmiparetivele sharp with the average radius of 
the flat plate corners being betweer 0.1 and 0.4 inch, as presented in Table 4.1. Although the 
igex of significant corner rounding on the Redwing specimens does not support the vapor at- 
tenuation and radius of curvature theories, it does not completely contradict them either. Fur- 
ther theory development should take into account this corner rounding data and attempt to cor- 
‘2 cais pheriomenon with the gensral material abistion theory. 
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metal loss ahavomenon, Excessive metal loss in the vicinity of : the Re unction of two pieces of 
metal seems to be a phenomenon associated with cviindricai shaves and it is apparent at slant 
ranges as great as 250 feet for exposure contitions Sinuiar ic ee of Shot Erie. 


In general, the data coliected oy Project 5.9 suppuris the presence of a radius of curvature 
effect which in turn lends support to the vapor layer attenuation theory. 

The effects of shape and orientation on the material ablation sustained by Project 5.9 
specimens is evident from examination of the tables in Appendix A, which show that the steel 
spheres had approximately ¥, the depth of metal loss experienced by both the cylinders ori- 
ented side-on and the blunt ended cylinders oriented end-on and about 1; the loss of the com- 
posite specimens oriented cone-forward. The major portion of these differences can probably 
be attributed to engulfment time variation between various types of specimens. The importance 
of the duration of the engulfment was emphasized by the fact that the steel locking nut on the 
plastic sphere from the 150-foot station (engulfment time of 113 msec) lost only 0.07 inch of 
metal, although the heavier steel specimens at the same station (enguifment time 150 msec) 
lost an average of 0.2 inch. 

Except for the radius of curvature effect and the excessive metal loss noted at the junction 
of two pieces of metal on the cylinders, the shape of a ehominen probably has little effect on 
the depth of material ablation, if all other exposure conditions are the same. 

In general, most specimens sustained more ablation on the surface facing toward the burst 
point, All but a few of the spherical metal specimens exposed within the fireball of Shot Erie 
showed from 10 to 150 percent more metal loss on the side facing the detonation than on the 
rear or opposite side. The nonspherical specimens such as composites and cylinders, in gen- 
eral, also showed more material loss on the surface facing the burst but to a lesser degree 
than the spherical specimens. 

The cone-forward composite specimens experienced approximately twice the metal loss 
of the side-on composites at the same ranges, Again, this difference can probably be attributed 
to the substantially different enguliment times caused by the specimen orientation, The ve- 
locity for the side-on specimen was probably much greater than that for the cone-forward 
specimen because of the much larger frontal area cresented ta the shock wave. 

The predominant effect of orientation on the material ablation of specimens is a probable 
increase in the depth of material loss on the surface facing the burst point. 

Melting. Data were recorded from thermocouples installed at various depths below the 
surface of the electrically instrumented spheres at Stations 250 and 300. These data were used 
to plot a curve of depth of melt in steel as a function of time after detonation, as described in 
Section 4.5.1, Figures 4.19 and 4.20. Assuming the molten layer was thin and of relatively 
constant thickness, these depth-of-melt curves were 2 clase approximation to depth of metal 
loss as a function of time, and their slope was a measure of the rate of metal loss as a func- 
tion of time. Figure 4.10 presents this rate of metal loss from Stations 250 and 300 instru- 
mented spheres as determined from the slope of the mean curves in Figures 4.19 and 4.20. 

The isothermal sphere exit time for the Station 250 instrumented specimen was 100 msec, 
and its total postshot depth of metal loss was approximately 0.155 inch. Figure 4.19 shows 
that at the time of exit, the specimen had melted or vaporized only to a depth of approximately 
0.048 inch or approximately 30 percent of its ultimate depth of metal loss. Therefore, the re- 
maining 70 percent material ablation must have been accomplished between isothermal sphere 
exit time and ground impact time. Investigation of the energy available to the specimen from 
the large hot fireball surrounding it during this pe 1 indicated that for most of this time suf- 
ficient energy was available to melt approximately + ( 


¢ (gm Se ah eae of steel. This rate of 
melting for the times involved plus the material already ablated resulted in a total depth of 

melt approximately that of the observed postshot desth of metal loss. Removal of this molten 
layer could have been accomplished by a number of methods. such as sweeping, spinning-ofi, 


DYNAMIC PRESSURE 
CYLINDER 


CODE-U 
STATION-50 


Title 


Steel composite 

Steel composite 

Steel composite 

Dynamic pressure cylinder® 
Dynamic pressure cylinder4 
Dynamic pressure cylinder 
Dyn. pres. cyl. with plastic 


DYNAMIC PRESSURE 
CYLINDER 


CODE-U 
STATION-150 


Code 


STEEL COMPOSITE 


CODE-A-t 
STATION-200 


Station 


DYNAMIC PRESSURE 


CYLINDER 


Orientation 


Cone -forward 
Cone -forward 


End-on 
mnd-on 
End-on 
End-on 
End-on 


CODE-U 
STATION-250 


Damage at 
junction 


Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 


Dyn. pres. cyl. with plastic 
2 indicates specimen shown. 


Figure 4.9 Excessive metal loss in the vicinity of the junction of two pieces of metal. 
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Figure 4.10 Rate of melting as a function of time for instrumented spheres at 
Stations 250 and 300. Shot Erie. 
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inch. At fireball exit time, therefore, the depth of meta 
the observed postshot total depth of metal loss. 

The Station 300 instrumented specimen had aanmecg ene the same energy available for 
specimen melting as the Station 259 specimen after emer: from the fireball. Two factors, 
however, indicated that the Station 300 specimens ghould | have had an equal or greater depth 
of melt than Station 250 specimens. The first was tha: the rates of material loss, or rates of 
melt, for Stations 250 and 300 were equal at approximately 55 msec, as indicated by Figure 
4.10; and thereafter the Station 250 rate was less than that of Station 300. A possible expla- 
nation for this was that the vapor layer generated by the relatively high initial rate of vapori- 
zation at Station 250 produced an attenuation for this specimen much greater than that of 
Station 300 which entered the isothermal sphere at a much cooler temperature and, therefore, 
had a vapor layer which attenuated to a lesser degree. The second factor which indicated an 
equal or greater depth of material loss for Station 300 compared to Station 250 was that the 
impact time for the Station 300 specimen was approximately J00 msec later than that of the 
Station 250 specimen. Although the energy input to the specimen was relatively low during 
these 300 msec, because of the cooling of the firebai., enough energy was available to continue 
melting. The above analysis indicates that up to 80 percent of the total ablation sustained by 
the instrumented sphere at Station 300 could have been due to melting after the specimen had 
emerged from the fireball. 

The above discussion offers an explanation for the fact that the instrumented sphere at 
Station 300 experienced approximately the same total material ablation as the instrumented 
sphere at Station 250. However, Figure 4.11 shows that these two specimens were not the only 
ones to experience approximately the same ablation since the overpressure spheres at Stations 
250 and 300 also showed approximately the same tota! meta! loss. Furthermore, Figure 4.11 
indicates that the instrumented and overpressure spheres at Stations 150, 200, 250, and 300 all 
showed approximately the same metal loss. This resuit was unexpected since the isothermal 
sphere engulfment temperatures were much higher and engulfment times much longer for 
Station 150 than for Station 300. Although the ablation-by-melting (after emergence from the 
fireball) theory discussed above may not fully explain the aporoximately equal ablation of the 
12-inch steel spheres from Stations 150 and 300, it is believed that it does explain a significant 
portion of this apparent anomaly. 

Removal of Molten Layer. Ablation br vaporization depends primarily on sup- 
plying the specimen surface with sufficient energy to vaporize the specimen material. Ablation 
by melting, however, not only depends on providing the surface with sufficient energy to cause 
melting but also on some method for removing this melted material. Molten material may be 
removed from the specimen by a number of methods, such as sweeping, centrifugal force, and 
oxidation, 

Current theory, Reference 2, states that vaporization is the predominant ablation mecha- 
nism for isothermal sphere temperatures above approximately 7,000K. However, it is possible 
that a significant molten layer exists between the varorizing material and the eotid material of 
the specimen for these high temperatures. At isothermal sphere temperatures below 7,000K 
but above the melting point of the specimen material. the predominant effect is specimen melt- 
ing. The removal of the above mentioned molten layers is the subject of the following discus- 
sion. 

Molten material can be removed by a sweeping action in two ways: (1) by the action of the 
moving material behind the aieect and reflected shocs fronts, and (2) upon impact with the 
ground, Ablation of molten material by the sweeping action associated with the material ve- 
locity behind a shock front presupposes the existence of a molten layer during the time this 
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Figure 4.11 Weight loss as a function of slant range tor l2-ineh stzel spheres, Shot Erie. 
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Removal of molten material upon ground impact was ahsarved on few specimens exposed 
by Project 5.9, The effeci of this method of molten layer removal was relatively small on the 
specimens involved and, therefore. was considered ne ee as far as the total metal loss 
was concerned, Removal of the molten layer by this method is important only to ground tests 
similar to Redwing and obviously has no application to the nign-altitude destruction of an ICBM 
by a nuclear detonation. 

If a spherical specimen engulfed by an isothermal sphere has acquired a rotational ve- 
locity. a molten layer on the surface of the specimen would experience a centrifugal force 
tending to throw it from the specimen. The magnitude of this force would depend on the ro- 

tational speed as well as the radius of the specimen and would have its maximum effect at the 
niet of rotation. The molten layer would have a tendency to run toward the rotational equa- 
ior irom all other points on the surface and, if the rotational ioe were of sufficient magni- 
tude, would be spun off at the equator in relatively small droplet 

Assuming a hemispherical shape for the drops of metal an are flung off and a surface 
tension of 1000 dynes/cm for the molten metal, it would require approximately 55 radians/sec 
angular rotation to remove a drop 0.080 inch in diameter from an 8-inch copper or 10-inch 
steel sphere. Inspection of the mounting arrangement for such specimens reveals that ro- 
tational speeds of this magnitude were possible. The shane of the 8-inch sphere at Station 150 
on Shot Erie (Figure A.20) strongly suggests that molten copper may have been spun off in the 
manner described above. The 10-inch diameter steei sphere from the 575-foot range on Shot 
Mohawk, Figure A.46, has a pattern of resolidified metal which substantiates this method of 
molten metal loss. This specimen has spiral flow lines emanating from the poles of the axis 
of rotation and ending in a ridge of metal at the equator as shown in Figure A.46. Little drop- 
lets of metal, approximately 0.080 inch in diameter, are in avidence on this equator ridge. This 

ow pattern exactly fits the theory of the spun-off metal developed above. Although the metal 
loss sustained by this specimen is possiblv unrepresentative of the 350 kt shot in which it was 
exposed, the flow pattern discussed above is believed to be representative of this type of molten 
metal removal. 

The removal of a molten layer by spinning off drops of the material could be important to 
high-altitude ICBM destruction if the missile were metal and had an appreciable angular 
velocity. 

Spalling. Ablation of material from a specimen by thermal spalling depends on a 
strong Shock wave. induced by thermal radiation, causing relatively large pieces to be ejected 
from the surface of the specimen. 

Investigation of thermal spalling was one of the major reasons for exposing the laminated 
cylinders in Shot Erie. Inspection of the three recovered laminated cylinders, one from Station 
100 and two from Station 150, indicated no therma! spalling damage. However, the relatively 
large material loss experienced by these cylinders may have obliterated any spalling damage, 
since the spalling damage would have probably occurred before the vaporization or melting 
ablation. 

Sewn spalling may have caused the recovered portions of the molybdenum and stainless 
pee at Station 25 to break away from ue other part of the specimen. Both these 
which was the area that would be 

ect to spalling, This evidence was not conclusive, however, becauss os the other damage 
mechanisms which were operating at this relatively close exposure rang 

Pockmarks were observed on recovered specimens from the close ranges (inside 150 feet) 
on Shot Erie, Operation Redwing and Shot Met. Operation Teapot, It is possible that these pock- 
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marks were due to some effect simllar to thermal soalling: now> 
on the stecimen surface facing the detonation point, and u 
probably not due to thermal spalling as the mechanism is 

Thermal spalling could be a significant damage mecha: 
and is probably insienificant at farther ranges (200 to 300 fe 
conditions similar to Shot Erie. 


4.1.3 Effect of Material on Ablation. A number of $~inch-diameier spheres of various 
materials were exposed within the fireball of Shoi Erie with the objective of determining their 
relative susceptibility to ablation. The materials exposed were copper, steel, stainless steel, 
molybdenum, titanium, and plastic; and since their total ablation vulnerability was the objective, 
no particular attempt will be made to separate the ablation mechanisms. 

Figure 4,12 presents the resuits of this study in the form of a graph which shows the 
weight loss per unit area of the original surface as a function of slant range. All the data 
shown in Figure 4.12 were obtained from 8-inch-diameter specimens. Inspection of the graph 
indicates that stainless steel, molybdenum, and titanium specimens sustained approximately 
the same mass ablation when exposed at equal slant ranges. Copper, however, sustained ap- 
proximately two to four times the mass loss of the other metals when exposed at the same 
slant range, and the plastic specimens showed practically no ablation for the two slant ranges 
from which specimens were recovered. Only half the plastic specimen from the 150-foot range 
was recovered, and the mass loss per unit area was estimated from this portion. The curve 
for copper neglected the specimen at the 150-foot range because of its odd shape, as well as 
the probability that a portion of the metal loss was due to molten etal being spun off by 
centrifugal force. Since the copper specimens at the 150- and 200-foot ranges were not posi- 
tively identified, the possibility exists that they should be interchanged. Neglecting the speci- 
men now plotted at 150 feet permits the specimen now at 200 feet to be plotted at either 200 
or 150 feet with little or no effect to the curve. The copper sphere at the 50-foot station also 
was irregularly shaped, but to a lesser degree, and could have experienced some metal loss 
similar to that at the 150-foot station. 

The 10-inch-diameter steel and aluminum specimens exposed to Shot Mohawk on tap of 
the Specimen tower indicated that the steel lost approximately twice the mass which was lost 
by the aluminum specimen. A possible explanation for this apparent inconsistency with Opera- 
tion Teapot and Shot Erie data is that the two types of specimens experienced significantly 
cifferent engulfment times. The aluminum specimen, being lizhter than the steel, would have 
a shorter engulfment time, resulting in a smaller loss of material 

Tae aluminum laminated cylinders lost between 0.84 and 1.10 inches, and steel cylinders 
exposed at the same respective ranges lost between 0.30 and 0.44 inch of metal. Assuming 
that engulfment times for the two types of specimens were approximately equal, aluminum 
was approximately 2'4 times more vulnerable than steel in terms of depth loss. If this were 
converted to mass en aluminum and steel would be within approximately 10 percent of being 
equally vulnerable. None of the aluminum composites exposed to Shot Erie were recovered; 
and, assuming that the aluminum lost 2', times the depth loss of the steel, which varied from 
0.92 inch at 50 feet to 0.56 inch at 200 feet, it is probable that os the cylindrical sections of 
the composites were ablated, since the aluminum sides were only 1 inch thick and should have 
lost between 2.3 and 1.4 inches. 

The material loss on the 8-inch-diameter plastic specimens could have been affected by 
the somewhat shorter engulfment time experienced by these specimens; however, Figure 4.6 
indicates that this difference was small. Additional information on the vulnerability of plastic 
was obtained from the plastic disks attached to the dynamic cylinders and ballistic cylinders. 
The Specimens were recovered with the disks still attached, and the plastic had approximately 
* the depth of material loss sustained by the steel on the same specimen, 

Results of Operation Teapot tests showed that when measured in terms of mass loss, alu- 
minum and steel were of equal vulnerability when exposed as 10-inch-diameter spheres under 
Operation Teapot test conditions, The Redwing data from Shot Erie indicated that for these 
particular exposure conditions stainless steel, molybdenum, and titanium had approximately 
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4.2 SHOCK DAMAGE 


The damage to a specimen br the shock wave of a nuclear detenetion could be of three 


types: overpressure crushing, acceleration, and material erosion. Each of these mechanisms 
is discussed separately in the following paragraphs. 


4.2.1 Overpressure and Blow-Off Pressure. The on!r recovered steel specimens from 
Shot Erie which showed evidence of overpressure crushing damage were those exposed at the 
50-foot range. The structural damage to the nose-on composite and instrumented sphere at 
the 50-foot station was studied and an attempt was made to determine what static overpressure 
would be required to cause the failures. 

The overpressure figures quoted below for the 16-inch instrumented sphere were com- 
puted by finding the static pressure required to bring the sceel up to a stress of 180,000 psi. 
Crushing of the sphere at this station was observed in a direction normal to the direction of 
the shock wave; and, therefore, was attributed to overpri.sure. Assuming that the 16-inch 
outer shell did not leak pressure, it would require 155,000 psi overpressure to yield the inner 
sphere: but if the outer shell leaked pressure (a better assumption), only 135,000 psi static 
overpressure would cause the inner sphere to yield. 

The composite specimen oriented nose-on at the 50-foot station had a hardened steel 
velocity-distance insert which had a compression yield strength of 400,000 psi. This insert 
was severly broken ai the front end but had only two small cracks on the rear end. Since the 
front end contained the soft aluminum target blocks, it would be weaker to external pressure 
than the rear which had the 2024S-T4 aluminum spacers. A static overpressure of 105,000 psi 
would be required to yield the front end and 121,600 psi to yield the rear end. 

The above analysis indicated that the value for overpressure at the 50-foot station was at 
least 105,000 psi. 

- Figure 4.13 shows a plot of peak overpressure versus slant ranges extrapolated from data 
obtained from Reference 3. The overpressure values computed from the above damage analysis 
are plotted on this graph and, as expected, are somewhat low. The other data are limits ob- 
tained from the ball-crusher gages described in Appendix D. 

The ballistic cylinders were exposed in Shot Erie in an attempt to verify some calculations 
which indicated that the blow-off pressure resulting irom vaporization of plastic would be 
greater than that from steel. These differences in blow-off pressure were to be detected by 
exposing two identical specimens (except for a plastic disk on the end of one) in exactly the 
same manner and noting the differences in their trajectories and resulting impact locations. 
The two specimens, however, were recovered at essentiallv the same range, 185 feet, after the 
test. This would seem to indicate that there was little or no difference in the blow-off pressure 
of plastic and steel; however, because of the inconsistencies in impact locations noted on even 
spherical specimens, it is believed that this conclusion is not completely justified. 

Three end-on dynamic-pressure cylinders with the velocity distance impact gage at the 
150-foot station yielded some information relative to tne blow-off pressure of plastic and steel. 
Figure 4,14 shows the three specimens, their preshot weights, and velocities as measured by 
their respective velocity distance impact gages. The two specimens with the plastic disks were 
found in the dumping area and their impact locations are unknown. Since all three specimens 
were practically identical as to size, shape, and weicht, except for the plastic disks on the front 
surtace of two of them, and since they were all at the same slant range, it is possible that the 
difference in their velocities was due to the difference in the blow-off pressures of steel and 
plastic, This line of reasoning indicates that steel has a larger blow-off pressure than plastic. 
However, because the difference between the velocities of the two specimens with plastic is 
equal to the difference between the all-steel specimen and the high velocity plastic disk speci- 
men. the basis for this conclusion may be the normal errors associated with data of this type. 
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Three attempts were made on Shot Erie to determine these forces. One of these attempts 
was the measurement of peak specimen accelieraiion with ine use of the ball-crusher gages 
described in Appendix D, another was the measurement of a. : velocity as a function of 
distance traveled by the velocity-distance impact gages described in peer C, and the third 
was the measurement of the time history of specimen ee ration with the tape recorders 
described in Appendix B. The force on the specimen was then to be determined from its mass 
and acceleration. 


tie] 


TABLE 4.2 SUMMARY OF THE ACCELERATING FORCE ON THE INSTRUMENTED 


SPECIMENS 
Specimen Slant Project ted Peak: Peak 
Range. Weight. frontal area, acceleration, force, 
Type Code feet pounds In? grams pounds 

Inst sphere Y 46.3 58414 22 7.5 > 108? 4.4.x 107 
Inst sphere x 97.9 225 113 6.5 x 1048 1.5 x10! 
Inst sphere Xx 158.9 225'4 113 2.6 x 104? 5.7 x 108 
Inst sphere X 205.2 2054 113 1.1 x 10! 2.5 x 108 
Inst sphere x 257.1 225 113 4.7 x 1034 1.1 x 108 
Inst sphere x 306.4 225 113 1.8 x 1054 4.1 x105 
Overpressure 

sphere Zz 98.7 2514 215 5.9 x 10! 1.5 x 107 
Overpressure 

sphere Z 159.7 252 113 1.8 x 104 4.6 x 108 
Overpressure 

sphere Z 204.0 252) 113 9.5 x 103 2.4 x 108 
Overpressure 

sphere Zz 254.2 253°, 113 4.4 «103 1.1 x 108 
Overpressure 

sphere Zz 306.1 254 113 1.8 x 108 4.6 x 10° 


’ Value obtained by scaling curve presented in Fizure 4.21 to actual weights and sizes. 


The ball-crusher accelerometer data presented in Section 3.4.2 and an analysis of the 
damage to the components of the electrically instrumented sphere presented in Appendix B 
were all used to estimate the peak total force acting on tne front of the specimens. These es- 
timations were the product of the peak acceleration and the mass of the specimen and are pre- 
sented in Table 4.2. The limitations of the data presented in the table are discussed in Chapter 
3 and Appendixes B and D. It should be noted that the values given for the instrumented spheres 
were taken from the curve in Figure 4.21 but that the data for the instrumented spheres have 
been scaled from the weight and area of the overpressure spheres to actual weight and area of 
the instrumented spheres. This was accomplished by multiplying the value on the curve by the 
ratio of the mass of the overpressure sphere to the instrumented sphere and also by the ratio 
of the projected frontal area of the instrumented sphere to the overpressure sphere. 

The extremely high forces and resulting accelerations caused some structural damage to 
the specimens at the 50-foot station and to the electrical recorders and transducers from the 
50- to the 200-foot stations, inclusive. The details of the damage to the recorders and trans- 
‘ducers are presented in Appendix B, Figure B.9. The extrusion of the front of the dynamic- 
pressure cylinder and composite specimen at the 50-foot station into the velocity-distance 
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ee 2.3. Material Loss by Erosion. The loss of material ae erosion caused by the dense 
h velocity shock wave passing over the specimen could b2 24 mechanism; however, 
ould occur r early in the exposure and consequently might So coscured by later vapori- 


rave and then exposing 
the entire specimen after the wave had deca fied was chosen for these shielded speci- 
mens because its greater vulnerability would show the damage gradation as the shield was re- 
moved from the specimen. 

The three shields were recovered after the test, but maoriinaley none of the aluminum 
composite specimens were found. Consequently no analysis could be performed. Since the 
velocity-distance impact gages indicated that the shields had attained a velocity of approxi- 
mately 350 ft/sec after 2'4 inches of travel and since the low drag composite specimens could 
not have attained nearly this velocity, it is believed that this method of investigation was sat- 

ctory and that the shields did separate either during or shortly aNer the passage of the 
Fae wave. 

The pockmarks observed on the specimens at the 50-foot station might possibly have been 
due to erosion or to the impingement of high velocity particles behind the shock wave; however, 
they could have also been caused by a form of thermal spalling or some other phenomena. Con- 
sequently, pockmarks cannot be definitely attributed to erosion. 

There was no definite evidence of erosion observed on any of the specimens, It is believed 
that any additional ablation of material caused by the shock wave was not in the form of erosion 
but more in the sweeping away of the vapor layer, which allowed more energy to reach the 

specimen. 


4.3 NUCLEAR RADIATION DAMAGE 


Two types of nuclear radiation damage are considered here: heating of materials due to 
neutron absorption and physical damage due,disectly to the nuclear radiation causing physical 
- Structure of the 


“Phis also y appears oD “Teaser 
pet compar Son With the Cirve of estimated neutron flux as shown in Figure 4.15, This curve 
and the curve of estimated gamma dosage shown in Figure 4.16 were sooth calculated from the 
data and curves of “Capabilities of Atomic Weapons,” TM-23-200. and are presented to show 
primarily the order of magnitude of the inputs to be expected in the fireball. 

Nuclear radiation effects were not nearly as pronounced on other materials as on the DC- 
200 fluid and were, for the most part, nearly impossible to isolate from heat effects. One 
effect which could clearly be attributed to neutrons, however, was the melting of the vitreous 
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Figure 4.14 Weights and velocities of dynamic pressure cylinders at Station 150. 
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efeiatisn of the neutron ‘flux was possible trons these data, there was little doubt that this 

melting was duo to neutron heating, 

t ig believed that almost ali the damage incurred on the recorder aad components was 
caused by heat. This heating of the recorder inside the sphere may have been caused, in pari, 
by neutron heating; however, it is believed that conduction of heat ECan? in the molten 
metal layer on the surface of the specimen was the pri temperature rise 
had been due to neutron heating, the amount of asscines: eicuiid be proportional to the neutron flux 
which in turn should be proportional to the inverse square of the distance from the burst point. 
The estimated temperature rises in the closer instrumented spheres were somewhat larger 
than at the farther ranges, but there was no obvious inverse-square relationship between the 
various specimens. 

Postshot analyses of transistors used in the oscillators of the timing circuits showed that 
they were all inoperative as transistors and, in view of past performances of similar com- 
ponents in radiation environments, it is almost certain that the time zero failure at Station 300, 
and perhaps also the shock arrival time failures at Stations 200 and 250. were the result of 
neutron irradiation. The possibility still remains, however, that these latter two failures re- 
sulted from mechanical shock. 


4.4 METAL LOSS SCALING 


One of the main purposes of exposing the steel spheres in the various shots was to at- 
tempt to learn the variation of metal loss of such specimens when exposed in the fireballs of 4 
nuclear devices of various sizes. Available for comparison were metal loss versus range 
data for steel spheres for two device yields, 23 kt (Shot Met) and 15.5 kt (Shot Erie). In ad- % 
dition, usable-metal loss data were available from four steel spheres, all at the samé range, , .. 
from 2 3&3 kt device (Shot Mohawk). All these data were scaled down to 1 Et burst by dividing? 
both the range and the metal loss by the cube root of the yield and are shown-plotted in’ Figure 
4.17. Use afsthe cube root scaling was derived (heseenealty, assuming“that the rate at whichS > 
material ablates is proportional to k,T? —k,, where k,, k,, and n are constants and T is the 
temperature of the isothermal Sphere: The power n was introduced only to generalize the 
tneory since the simple case n = 1: ‘gave a reasonably gocd iit of ihe experimental data obtained 


cuTing Operations Teapot and Redwing. The calculation was further simplified by assuming 
constant-gamma, adiabatic expansion of the isothermal sphere, The end result of the calcu- 


lation was that m/w’? (scaled mass 108s) v versus R/w'? (scaled range) was completely inde- 
pendent of yield. we ®, 

A curve is shown through ‘the data for 12-inch spheres of Shot Erie in Figure 4.17. Most 

of the data for 10-inch-diameter spheres lie above this curve, as wolid:be expected from radius 
of curvature considerations. The main exceptions are the 10-inch-diameter sphere from Shot © 
Erie and the two farther out data points from Shot Met. According to Reference 2, the farther- 2 
out spheres from Shot Met were not in the isothermal sphere for a long period, if for any time 
at all, hence they would not be expected to exhibit as much metal loss: 

Unfortunately the yields of Shots Erie and Met were not sufficiently different to expect any 
appreciable difference in material ablation; hence the fact thai the data scale by the cube root 
of the yield lends little support to this scaling procedure. Th+.fact that Shot Mohawk data being 
from a much largéetield device scale down quite nicely, howéver, does help to support this: 
method of scaling. Of course, this scaling method does not take into account effects peculiar. 
io particular shots such as the rapid firebali rise experienced curing Shot Met, thus causing 
chs specimens to appear to leave the fireball early. 
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The instr umentation effort of Project 5.9 represented one of the first attempts to collect 
aata oy electrical and mechanical means from within the firebail cf a nuclear detonation. An 
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Figure 4.16 Estimated gamma radiaticn dosage as a function of slant 
range for Shot Erie. 


evaiuaiion of the data and the system from which li was obtainec ars contained in the following 
sections 

4.5.1 Electrical. The results of the electrical instrumentation system used by Project 
5.9 on Operation Redwing showed that it is feasible to record data electrically within the fire- 


ball of a nuclear detonation. The basic Redwing system, with improvements indicated by the 
experience gained on Redwing, should be capable of recording data successfully at slant ranges 
in the vicinity of 150 feet for shot and exposure conditions similar to those of Shot Erie. De- 
tailed information concerning the Redwing instrumentation system is contained in Appendix B. 

The accuracy and reliability of the ten time history curves from Stations 250 and 300 pre- 
sented in Section 3.3 were materially reduced by the heat damage sustained by the recording 
tapes at the two stations. Although these data have a relatively low accuracy and reliability 
compared to data collected under less severe environmental conditions, there was general 
overall consistency and reasonable correlation with some known values such as shock arrival 
time. 

The low frequency response of the accelerometer recording circuits probably caused 
significant reductions in the peak values recorded by the instrumented specimens. However, 
the acceleration time history curves presented in Section 3.3 are believed to represent the 
general shape of the acceleration pulse experienced by their respective specimens, and the 
time scale is estimated to be accurate to within +2 percent. Figure 4.18 shows the correlation 
of shock arrival times obtained from the specimens at Stations 200, 250, and 300 and the re- 
flected shock arrival times from Stations 250 and 300. Figure 4.18 indicates the theoretical 
location of the expanding shock front as a function of time after the detonation. The vertical 
heights and times at which the reflected shock front intercepts the trajectories are indicated 
on the trajectories for Station 250 and Station 800 specimens. These values were computed 
assuming no increase in speed of shock propagation upon reflection due to its passage through 
a heated medium. 

Figure 4,18 shows the excellent correlation obtained for the initial shock arrival time for: 
Stations 200, 250, and 300. The reflected shock arrival times jor Stations 250 and 300 both 
occur a short time before the theoretical points shown. This result was expected because the 
reflected shock would have to travel a significant portion of its path through the air preheated 
by the fireball and isothermal] sphere, and this would result in an increase in its velocity. In 
general, the acceleration time histories recorded at Stations 250 and 300 and presented in this 
report show excellent time correlation with known values but have relatively poor accuracy 
and reliability for the acceleration values presented. 

The frequency response of the thermocouple recording circuits which was flat from 0 to 
50 cps was considered adequate for the recording of this phenomenon and probably introduced 
no significant errors in the time history curves presented in Section 3.3, Since thermocouple 
type transducers are basically rugged and relatively insensitive to most of the inputs experi- 
enced by the instrumented specimens and since no external power such as batteries is required 
for their operation, the reliability and accuracy of thermocouples is inherently better than 
transducers such as accelerometers. Inspection of the temperature time history curves pre- 
sented in Section 3.3 shows a number of temperature fluctuations which are difficult to in- 
terpret. It is possible that some of these could be due to such things as intermittent thermo- 
couples and drop outs during playback; however, it is the opinion of the author that an ap- 
preciable number of the fluctuations were actually present and faithfully recorded. 

The temperature time history curves presented in Section 3.5 were the source of the data 
in Table 4.3. The minimum and maximum times at which the melting point (2800F) of steel 
could logically have been attained were noted in each of the curves and entered in Table 4.3. 
The depth-cf-melt pulse was used for the minimum probable time for the 0.016 and 0.011 
depths at Stations 250 and 300, respectively, because it was the ear r est melting time indicated 
for these depths. It is believed that the actual melting time for each depth listed lies between 
the minimum and maximum values presented in Table 4,3. 

Figures 4.19 and 4.20 present Table 4.3 data in the form of depth-of-melt versus time 
curves for Stations 250 and 300. The pessible error due to the uncertainty of the times is in- 
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Figure 4.18 Correlation of electrically recorded and theoretical shock arrival times for the instrumented spheres at Stations 200, 250, and 300, Shor Erle. 


THEORETICAL REFLECTED 
SHOCK ARRIVAL FOR 


THEORETICAL REFLECTED 
SHOCK ARRIVAL FOR 


TRAJECTORY 


GROUND LEVEL\ \\\ 


THEORETICAL LOCATION 
OF REFLECTED SHOOK 
WAVE 43 DIETERHINDY : : oS 
FROM BURST IMAG THEORETICAL SHOCK ARRIVAL 
—. ALONG A 45° LINE WW 


8 210 
TIME AFTER DETONATION (MSEC) 


dicatoc spread at 
aack de which are 
he rates of 
TABLE 4.3 TIMES REQUIRED FOR STEEL TO MELT To ¥: ~3 DEPTHS 
Times obtained trom recorded temperature time history dats. 
Melting temperature of steel assumed to be 2800F. 
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250 axd 
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. Mia 292 36 118 
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pice cinta i 48 78 130 
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*4 Time obtained from depth-of-melt pulse. 


The feasibility of recording data electrically within the fireball of a nuclear detonation 
sith a system similar to that used on Redwing was thus demonstrated by the electrically in- 
strumented specimens. An electrical recording system similar to that used on Redwing and 
with improvements indicated by Redwing experience should be capable of recording data ac- 
curately and reliably at slant ranges in the vicinity of 150 feet on yields comparable to Shot 
Erie. 

Redwing indicated that two out of the three transistor oscillators at Stations 200, 250, and 
300 operated through time zero and stopped at shock arrival. It is, therefore, concluded that 
transistor oscillators, properly shock mounted, thermally insulated, and using radiation re- 
Sistant transistors may be capable of use as the time base for future recorders. 


4.5.2 Mechanical, Velocity-Distance, It was anticipated txat from the velocity- 
distance data presented in Section 3.4.1 it would be possible to determine an acceleration time 


history. Since the first portion of the curve. from 0- to Y~inch displacement, is questionable, 
and it is the slope of this section that determines the higher accelerations, and aiso since the 
time mast be determined from the summation of times after shock arrival as discussed in 
Appendix C, it was impossible to determine the acceleration-time curve, However, the velocity- 
distance curves for the dynamic-pressure cylinders at the 150-foot station, Figures 3.26 and 
3.27 are believed to be correct in the region from ui to We inch of travel. after which the speci- 
men receives relatively little additional impulse. It is also believed that the decrease in the 
observed velocity after 4 inch of travel is probably due to friction on the plunger. 

Each specimen had one plunger which was in contact and one which was ', inch away from 
the target block; but since the amount of penetration was a function of both the impact velocity 
und the acceleration of the target during the penetration and the acceleration was extremely 
high while these plungers were penetrating, it is believed that the velocities indicated by these 
piungers are too high and therefore are not shown on the plots. 

Tre results of the Redwing experiment indicate that the velocity-distance gage is a satis- 
ry method of describing the later portion of the specimen velocity as a function of distance 
pressure and Acceleration Measurements by Ball-Crusher 
s. Analysis of the overpressure and acceleration measurements by ball-crusher gages 
senicc in Appendix D. Since the response of the overpressure gage was fast enough to 
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Figure 4.19 Depth of melt as a functior of time for Station 250 instrumented sphere. 
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Figure 4.20 Depth of melt as a function of time fo: Station 200 instrumented sphere. 


fp tke a 
toy : j 
i {I : i = “ee ae 
| L G S 
i Le ; 

! Ss is H 
i Ot eet 

fou 


| ict 
cone He 


2 
eae see | ; 


GPSS 

MAL TT | 
UAL | 
EE 


| 
| 


LIMITS FROM FIGURE B.9 
SCALED TO WEIGHT AND 
SIZE OF OVERPRESSURE 


| 
ae Kn] 
eee 
ess 
LEGEND 
G) BALL-CRUSHER DATA 
| SPHERES 


150 


300 


250 


100 


SLANT RANGE (FT) 


Figure 4.21 Observed peak acceleration as a function of slant range, Shot Erie, 


ball was probably caused 
by the shock front overpressure and not blow 2.c: of the maximum and mini- 
mum observed values of peak pressure is presented in Figure 4.13. The curve drawn in the 
figure is a theoretical curve extranolated from Paference 3. 43 can be seen in the figure, the 
goserved values agree well with cic theoretical values, The large spread in the ball~crusher 
data at any one station could be caused by a spike around the specimen, causing local pressures 
that may vary in magnitude by a factor of 2 or 3. Ti ‘se vould be similar to those formed 
on guy wires and the shot tower and would be caused 57 preheating of the air around the sphere. 
The mechanism of this preheating is that a small amount of metal is vaporized from the speci- 
men and advances into the air, effectively heating the air. This temperature rise increases the 
local shock front velocity in an unpredictable and unstable manner and causes different shock 
diffraction effects on various sections of the surface. 

The response of the gages used in the ball-crusher accelerometers was not fast enough to 
observe completely the diffraction phase of the shock wave; however, there was good agreement 
between the observed ball-crusher data and the calculated accelerations based on the damage 
to the transducers and tape recorder in the instrumented spheres. Figure 4.21 is a plot of the 
ball-crusher data using a postulated input of diffraction plus gust loading as presented in Table 
D.3; also’ shown in the figure are the maximum and minimum values calculated for the instru- 
mented spheres by scaling the data in Figure B.9 to the same weight and area as the over- 
pressure spheres. A study of the figure would show that there were only a limited number of 
curves which could be drawn through the limits of the instrumented sphere data. One of these 
curves is drawn in the figure, and it can be seen that the two sets of data agree quite well. 

In general, it can be said that the peak pressures observed by the ball-crusher gages in 
Shot Erie have good agreement with the theoretical values based on a Taylor Wave plus blow- 
off pressure and that the observed accelerations agree with theoretical values calculated from 
a gust plus diffraction loading. 

Peak Temperature. The method used to measure the peak temperature at various 
depths below the surface of the copper spheres was not satisfactory. Most of the metal slugs 
melted; and, therefore, no data were obtained. However, it is believed that a different distri- 
bution of the metal slugs, so that some of the higher melting metals would have been further 
below the surface, would have yielded data. 


mond to the shock overpressure, the mani 


Chapter 5 
GONCLUSIONS and RECOMMENDATIONS 


5.1 CONCLUSIONS 


i. Eight-inch-diameter spherical specimens of stainless steel, molybdenum, and titanium 
sustained approximately the same mass ablation when exposed at equal slant ranges under the 
conditions of Shot Erie. 

2. Spherical copper specimens, 8 inches in diameter, sustained approximately 2 to 4 times 
the mass loss of other metals exposed to 8-inch-diameter spheres at equal slant ranges under 
the conditions of Shot Erie. 

5, The 8-inch-diameter spherical plastic specimens exnerienced substantially less mass 
ablation at the 150- and 250-foot slant ranges than any of the metals which were exposed at the 
same slant ranges under the conditions of Shot Erie. 

4, In general, Project 5.9 data tend to support the existence of an attenuating vapor layer 
on test specimens within the fireball of a nuclear detonation. 

5. Hydrodynamic sweeping of the vapor layer probably affected the ablation of the flat 
plate and cone-forward steel composite specimens in Shot Erie. 

6. The radius of curvature effect, which predicts preater material ablation for specimens 
of small radii, was substantiated by the various radii of the spherical specimens exposed in 
Shot Erie at the 50-foot range. 

7. In general, the corners of the fla: plates and cylindrical specimens exposed in Shot Erie 
showed less rounding than would be expecied from the radius of curvature effect and Operation 
Teapot data. 

8. The specimen shape apparently had little effect on the depth of material ablation sus- 
tained from exposure within the fireball of Shot Erie, except for engulfment time differences, 
radius of curvature effect, and the excessive metal loss noted at the junction of two pieces of 
metal on the cylinders. 

9. The predominant effect of orientation on material ablation of the specimens within the 
fireball of Shot Erie was an increase in the depth of material loss for most of the specimens 
on the surface facing toward the burst point. 

10. The apparent anomaly of approximately equal ablation for the 12-inch-diameter steel 
spheres at Stations 150, 200, 250, and 300 on Shot Erie can, for the most part, be explained on 
the basis of ablation by melting after emergence from the fireball. Approximately yA of the 
total ablation sustained by the instrumented spheres at Stations 250 and 300 on Shot Erie could 
have been due to melting after emerging from the fireball. 

11. The removal of a molten layer by spinning off drops of the material could be signifi- 
cant to total ablation and would be important to ICBM destruction, if the missile had an ap- 
reciable angular velocity. 

iZ, Thermal spalling could be a significant damage mechanism at close ranges (25 to 50 
and is nrobably insignificant at farther ranges (200 to 300 feet) for specimens and ex- 

"2 cOnditions Similar to Shot Erie. 


13. No conclusive data were obtained on the blow-off pressure of steel and plastic within 
the fireball of Shot Eric. 

14. Overpressure crushing damage and extensive structural damage due to acceleration 
can be expected at slant ranges of 3) feet or less for specimens and exposure conditions simi- 
lar to those of Shot Erie. 

15. The electrically instrumented Redwing specimens nave shown that it is feasible to 
record data electrically inside the fireball of a nuclear detonation with a system similar to 
that used on Redwing. 

16. An electrical recording system similar to that used on Project 5.9 in Redwing and with 
improvements indicated by Redwing experience should be capable of recording data accurately 
and reliably at slant ranges in the vicinity of 150 feet on yields comparable to Shot Erie. 

17. Transistor oscillators may be canable of successful operation within the fireball of a 
nuclear detonation in a specimen of the Redwing type, under the condition that adequate shock 
mounting and thermal insulation are provided. 

18. The velocity-distance impact gages which were adequately protected from the effects 
of overpressure and material ablation operated satisfactorily and yielded apparently reliable 
velocity versus distance data at least for the latter portions of these curves. No acceleration 
versus time values were obtained. 

19. Ball-crusher gages may be successfully employed to observe experimentally peak 
fireball pressures and accelerations, provided the approximate shape of the dynamic input is 
Known. 

20, The method used to measure the peak temperature ai various depths below the surface 
of the copper spheres was unsatisfactory. 

21. Project 5.9 experience indicated that spherical specimens are best suited for total 
material ablation studies because of the unpredictable ballistic paths and resultant unknown 
engulfment times associated with nonspherical specimens, 

22. The derived scaling, (yield), of both mass loss and range is supported by the fact that 
the data from the higher yield Mohawk shot compared favorably with the data from the lower 
yield shots, Erie and Met, when this scaling method was used, 


5.2 RECOMMENDATIONS 


It is recommended that: 


1. Project 5.9 data be used to further vulnerability studies of basic ballistic missile struc- 
tures and materials to the fireball of a nuclear detonation. 

2. Future programs similar to Project 5.9 consider instrumentation, both electrical and 
mechanical, of the type employed on Redwing for data collection within the fireball of a nuclear 
detonation. 

3, Future programs similar to Project 5.9 determine experimentally the rate of material 
loss within and in the vicinity of a nuclear fireball so that the relative importance of ablation 
by vaporization and melting may be established. 

4, Future tests include a number of spherical passive specimens exposed within the fire- 
balls of a wide range of nuclear device yields for the determination and verification of metal 
loss versus range scaling methods. 

5. Spherical specimens be used for total materia! ablation studies in all future tests simi- 
lar to Project 5.9. 

6. Future ablation theory development take into account the absence of significant corner 
rounding observed on the flat plates and cylindrical scecimens exposed within the fireball of 
Shot Erie. : 

7, Future electrical recording within the fireball he made with a recorder specifically 
designed for this type of recording. 


Appendix A 
DETAILED DESCRIPTION OF SPECIMEN DAMAGE 


A,1 SHOT ERIE SPECIMENS 


in this appendix is to be found a brief description of 
the damage and surface conditions of each specimen, 
as well as photographs and/or profile drawings of the 
more unusual conditions. 


A.1l.1 Steel Spheres. Table A.1 is a summary of 
the depth of metal loss for all the steel spheres from 
Shot Erie. The sketch at the top of the table depicts 
the pogitiona on the specimens where the measure~ 
ments were nade. The measurements on the right 
and left side refer to the specimen as it is viewed 
from the rear side looking toward the burst point. 
The measurements on the top and bottom were taken 
at the two points of intersection of the two lines from 
the burst point tangent to the spherical specimen and 
lying in a vertical plane through the center of the 
specimen. 

Instrumented Sphere at 50-Foot Sta- 
‘ion. The sphere was still intact but was severely 
pockmarked on the side facing the burst point and the 
forward half of the outer ahell had a crack approxi- 
mately 10 inches long. In addition to the break in the 
outer shell, the inside sphere was significantly 
squeezed so that the cavity where the recorder get 
was reduced in diameter by a8 much aa '4 inch. The 
colta which held the recorder cap were sheared and 
the lip around the recorder cap was broken. The 3 - 
inch-diameter battery holes around the sphere were 
deformed and squeezed out of round about '% inch. 

The front half of the specimen lost an average of 
0.2 inch more metal than the rear half. Figure 3.6 
illuatrates the variation of material logs in a vertical 
plane parallel to the direction of the shock wave 
propagation. The surface of the sphere was clean 
and free of any foreign material. 

Instrumented Spheres at the 100-, 150-, 
and 250~Foot Stations. These were 12-inch- 
diameter spheres. The postahot aurface conditions of 
ail these specimens were similar in that they all had 
a thin coating of refrazen metal which was not bonded 
tightly to the ephere; they also had scratch marks 
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from impact with the ground. The sphere from the 
100-foot station had a bolt missing from the main re- 
corder cap, but other than that there was no struc- 
tural damage to any of them. 

With the exception of the area around the bolts 
which held on the various caps, ie material loss 
from all these specimens was uniform. In the regions 
around the bolis there was more metal loss, and 
molten metal had been forced between the heads of 
the bolts and the sides of the caps. 

Instrumented Sphere at 300-Foot Sta- 
tion. Material loss over this specimen was uniform 
and left the surface with only a small amount of un- 
bonded refrozen metal. The refrozen metal was not 
in the form of a layer or coating, but rather was 
found along a few flow lines. The surface had a small 
number of scratch marks which cut through the flow 
lines. 

Overpressure Spheres. Material losses 
from these specimens were also uniform over the 
entire surfaces. Ali six of the spteres bad a thin 
laver of refrozen metal and scratch marks from the 
impact with the ground. Except for some crushing at 
the 50-foot station, there was no structural damage to 
any of these spheres. Figure A.l is a composite pho- 
tograph showing all the overpressure spheres after 
the ball-crusher gages had been removed. 

Ten-Inch-Diameter Sphere at 50-Foot 
Station. The side of the sphere which faced the 
burst point had a dozen or so pockmarks, 4 were 
large, being about 1% inches in diameter and % to 
3/, inch deep. The forward side lost much more mate- 
rial than the rear side, and there was some displace- 
ment of material as can be seen in Figure A.2. The 
surface had a few flow lines and a large number of 
small pimoles of refrozen metal. The impact with the 
ground caused some scratch marks which cut through 
the flow lines and pimples. : 

Ten-inco-Diameier Sphere at 100-Foot. 
Station. There ware cwo pockmarks about 14 
inches in diameter on the forward side. Except for 
these two pockmarks, the metal loss was uniform 
over the entire surface of the sphere. One half of the 
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TABLE All SUMMARY OF DEPTH OF MATERIAL LOSS AT VARIOUS POINTS ON 


STEEL SPHERES EXPOSED TO SHOT Erb 


b 


Front 
Inches 


¥ 0.48 

x 1.28 

(@) 1.26° 

Q 1.35 

zy 0.40 

x 0.20 0.18 Gl O97 0.20 0.25 

re 0.16 | O.Uy 0.15 | 0.18 0.18 0.20 

x 0.17 | 0.18 0.19 | 0.19 0.17 C.21 

x O2t2: i “OAg Onl t°, O.26 0.21 0.18 
es 0.14 | 0.20 | 0.08 0.20 0.20 0.20 

Zz O wb = O.45¢ | UH 0.39 

z 0.39 | 0.17 0.380 ze 0.29 

2 0.22 0.21 0.19 -- 0.20 

z 0.20 | 0.23 O29 | 0.17 

2 0.13 | 0.10 oust | 0.17 

z 0.20 | 0.12 0.26% ae 0.16 


® Vertical profile 7, sphere viewed normal to the direction of shock propagation. 
1 
DAR R, [2 -(#) 
co) 
where: Wo = Pre-Shot Wt. (lbs) AR= Average Radius Loss (in) 
W = Post-Shot Wt.(lbs) Ry = Pre-Shot Radius (in) 


© Data might be misleading due to pockmarks. 
¢ Orientation of sphere could not be determined; this value is an average of right 
and left sides. 


® Orientation of sphere could not be determined; this value is an average of the 
top and bottom. 


xPed with a 7;.-inch layer of matsmai 


at The 


f : to the sphere, 
which did not have this Inger had scratch marks from 
hitting the ground, 

-Inch-Diameter Sphere at Su- 
oot Station. The front side was severely ps 
marked but otherwise had almost uniform materia: 

I The surface of this specimen was clean anc 
free of foreign material. There was no definite lave: 
of refrozen metal, but there were a’few ridges, i.e., 
flow lines, of resolidified metal. 


The scratch ma-ks 
caused by the impact with the ground cut through 
these flow lines. 

Four-Inch-Diameter Sphere at 50- 
Foot Station. The one 4-inch-diameter sphere 
recovered from the 50-foot station was found abour 
600 feet from its original position. This specimen 
lost 8.6 pounds of material, which was more than 
90 percent of its original weight and more than half 
its diameter. The profile measurements show that 
there was about 0.3 inch more metal loss on the front 
side than on the rear. The front side was covered 
with flow lines of refrozen metal, and the rear side 
was well marked with cuts and scratches from tbe 
impact with the ground. 


A.l.2 Composites. A summary of the average 
depth ot metal loss at various cross sections along 
the specimen is presented in Table A.2. The loca- 
tions of these sections are shown in the sketch ac- 
companving the table. 

Stee] Composite Oriented Cone For- 
ward at 50-Foot Station. Pressure forces 
caused extensive structural damage to the shell and 
also to the hardened steel insert. The insert was 
cracked at several places, and metal from the cone 
and hamisphere was extruded into the holes in the in- 
Figure A.3 shows the cone end of the specimen. 
The five protrusions which were formed by metal, 
extruding into ine insert, are to be noted. These ex- 
trusions were approximately Ys to se inch long. Jee 
extrusions on the hemispherical end were about 45, 
inch iong. The hemispherical end could not be un- 
scrawed but had to be cut free of the cylinder. 

Figure A.4 illustrates the large amount of meta! 
Jost at the junction of the hemisphere and the cylin- 
der. Figure A.5 is a good example of the variation of 
the metal loss at the circular cross section on the 
hemisphere end of the cylinder. Except for some 
pockmarks, see Figure A.6, and some localized ef- 
tects near the ends of the cylinder, there was equi 
terial loss at any one cross section. The hemi- 
and the cone had about the same depth of 
metal loss, but the cylinder had almost ¥ inch less. 


The surface of the cylinder was clean and did not 
cave a iaver of refrozen material. 

Steel Composite Oriented Cone For- 
ward a: 100-Foot Station. Figure A.7 snows 
ull that was recovered of this specimen. The lign: 
volored band around the middle is adhesive material 


‘rom & o.ece of identification tape placed on the 
srery. Since the hemisphere, coz. 
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d, the weight loss could 

i che shell still had the 

rs, and most of the threads on 
é d their original profile, 


original ma 
the hemispier 


Oriented Cone For- 
ward e 1l5u-Foot Station. This speci- 
men was found at a ground range of only 36 feet from 
ii naterial loss, which 

3, Was not uniform but varied 
inch at various places. The surface 
notable absence of 
seratch marks, flow lines, or refrozen metal. 

Steel Composite Oriented Cone For- 
ward at the 200-Foot Station. The cone 
end of the specimen was not recovered, but the hemi- 
sphere was still attached to the cylinder; the velocity- 
distance insert +25 separated from the shell and 
found nearby. The cylindrical portion had about equal 
material loss along its length, but there was more 
loss at the junction of the hemisphere and cylinder. 
The hemisphere had almost the same depth of loss 
as the cylinder. 

Steel Composite Oriented Side On at 
the 50-Fost Station. This specimen, found at 
a ground range of 226 feet from its original position, 
was one of the most severely damaged specimens of 
those recovered. It had a weight loss of 4544, pounds, 
the top rear quadrant, tangent to the blast, had sev- 
eral large pockmarks, and the bottom rear quadrant, 
which was shielded from the blast, was badly honey- 
combed. A photograph of the pockmarks is shown in 
Figure A.8 and the honeycombing in Figure 3.9. The 
original center of the specimen could not be located; 
therefore, the exact depth of metal loss could not be 
measured. Figure 4.9 is a drawing of the profile 
measurement; the distorted shape of the circular 
sections is io be noted, The surface was clean and 
free of anv forsign material or any unbonded layer of 
refrozen metal. 

Steel Composi:e Oriented Side On at 
100-Foot Station. There were a few pock- 
marks, 1 to 114 


its 


oneine p 


amounted 


by as much as % 


was clean and smooth with a 


144 inches in diameter by % inch deep, 
on the front side of the cylinder and cone, but other- 
wise the surface was smooth and clean and experi- 
enced an approximately uniform metal loss overall. 
Steel Composite Oriented Side On at 
150-Foot Station. Depth of material loss was 
about equal for the hemisphere, cylinder, and cone; 
but all three shapes iost about '/ inch more on the 
front side than on the rear, There was a groove ap- 
proximateiy Vy to vA inch deep by 1 inch wide from 
the tip of the cone to the middle of the specimen on 
the top side and from the middle to the end of the 
hemisphere on the opposite side. This pattern was 
similar in iccation but not in magnitude to that shown 
in Figure A.7 for tae cone-forward composite at 100 
feet. There were flow lines of refrozen metal on 
most of the specimen; and part of the surface had 
ground impact induced cuts and scratches which cut 
through the sow lines indicating again that the sur- 
face refroze before the specimen hit the ground. 


TABLE A.2) AVERAGE DEPTH OF METAL LOSS AT VARIOUS CROSS SECTIONS OF COMPOSITE SPECIMENS 


ic sl eae eee Ae ee Ce 


secrete eA Se ecg ea pee has See ee ON I 2a eee _! 
Orientation | Slant Range Distance | AA | BB cc ie bo REO | 
Nominal | Actual X Y & |Loss a | Loss a | Losa a Loss a Loss ai 
eon Fe. | Pte | In, In. | In. | In.) In. | In.) Ine} Ine | In. | Ine | In. | In. | 
Cone~Forward 50 45.8 12.88 1.20 14.12 | 1.168 | 6.12 | 0.94] 9.12) 0.95 | 13.10] 0.85 | 16.18 | 0,ad | 19.48 
Cons-Forward 150 158.2 12.28 0.56 {3.84 | 0.78 | 5.84 [0.74] 9.40] 0.65 | 13.36 | 0.62 117.84 | 0.66 | 20.64 
Cone-Forward 200 203.5 b 0.52 b b 5.76 | 0.66) 9.72} 0.61 | 13.24 | 0.56 | 17.76 | 0.56 |] 20.52 
Side-On 100 97.5 11.68 0,72 | 3.28 | 0.44 | 5.60 | 0.48110.64 | 0.47 | 13.92 | O.44 | 18.92 | O.42 | 2L.4A 
Side-On 150 158.1 J1.20 0.72 | 3.48 | 0.57 | 5.56 | 0.50/10.68 | 0.44 | 13.20 | 0.43 | 18.36 | 0.45 | 21.32 
Side-On 200 203.6 10.36 0.32 [3.36 | 0.17 [4.96 | 0.24);10.64 | 0.29 | 12.88 | 0.27 | 18.44 | 0.44 | 21.04 


. Distance from the original tip of cone. 
Cone was not recovered. 
NOTE: The velocity-distance insert, cone, and sphere were not recovered for the cone-forward specimen at the 100 foot station. 
The side-on specimen at 50 feet had large pockmarks over the entire specimen. 


Steel Composite Oriented Side On 3: 
Zud-roo0t Siation. This specimen wos found a: 
a horizontal distance of 128 feet from its original 
position. The weicht loss, only 27% pounds, was much 
less aan that of the other side-on composites. The 
cone and sphere lost more material than the cylinder. 
The rounded end was no longer spherical but was 
more elliptical with the major axis coinciding with 
the axis of the cylinder. There was a sharp change 
in the depth of material loss at the junction of the 
cone and cylinder with the cone losing more than the 
cylinder. The surface was clean but had a few marks 
from the impact with the ground and some small flow 
lines of refrozen material. 


A.1.3 Flat Plates. Table A.3 is a tabulation of 
the metal loss as determined from the profile meas- 
urements for the transversely grooved plates, and 
Table A.4 for the longitudinally grooved plate. 

Steel Flat Plate Grooved Trans- 
versely ai 50-Foot Station. The top of the 
grooves lost about 0,78 inch, and the bottom of the 
grooves and the plain side each lost an average of 
0.56 inch. The surface was clean and free of foreign 
material. 

Steel Flat Plate Grooved Trans- 
versely at 150-Foot Station. The top of 
the grooves had a metal loss of 0.72 inch, and the 
bottom of the grooves and the plain side each lost 
0.54 and 0.52 inch, respectively. The surface was 
clean and showed no sign of an unbonded layer of re- 
frozen metal. 

Steel Flat Plate Grooved Trans- 
versely at 200-Foot Station. The top and 
bottom of the grooves lost an average of 0.18 and 
0.12 inch of metal, respectively, and the plain side 
lost 0.19 inch. 

Steel Flat Plate Grooved Longitudi- 
nally at 150-Foot Station. The plain side of 
the plate lost approximately ¥, inch of material but 
the loss on the grooved side was not uniform. The 
tops of the grooves lost more than the bottoms, and 
doth lost more toward the front of the plate than the 
rear, This variation is shown in Figure 3.11. 


A.l.4 Laminated Cylinders. The average depth 
of metal loss at various cross sections along the 
cylinder is tabulated in Table 4.5. The sketch at the 
top of the table shows the location of these cross 
sections, 

Laminated Cylinder at 100-Foot Sta- 
tion, Twelve %-Ineh Laminations. Seven 
of the 12 laminations were completely missing, and 
part of the ninth was also missing; however, a small 
piece of the eighth lamination was still on the back 
side of the cylinder and was being held on by the 
orientation bolt. The specimen had a few pockmarks 
toward the middle of the cylinder; some of these were 
on the front and one was on the rear. Figure A.10 
shows the pockmarks on the front side. 

Laminated Cylinder at 150-Foot Sta- 
tion, Five Y-Inch Laminations, Four 


.ri of the fifth were miss- 
seid nol have uniform mate- 


rial loss but iost more toward one end. Figure A.11 
the snecimen and shows the 
variation of materia s along the cylinder, it is 
noted that the steei core also lost more on the one end 
than it did on the other. Figure A.12 shows the ir- 
regular conditions on the surface and also the scratch 
marks on the side whica nit the ground. 

Laminated Cylinder at 150-Foot Sta- 
tion, Four %;-Inch Laminations. This 
specimen had between ¥, and 1 inch material loss. 
Figure A.13 shows the variation of material loss 
along the cylinder. There was more material lost on 
the front than on the rear; also, the front side had a 
few pockmarks, as shown in Figure A.14. 


Rey, A Alga ee edn . 
ig a profile drawing ar 


A.1.5 Ballistic and Dynamic-Pressure Cylinders. 
Table A.6 is a summary of the average depth of metal 


loss at various cross sections along the cylinder. 

Ballistic Cylinders at 100-Foot Sta- 
tion. Figure A.15 is a profile drawing of the side- 
on cylinder which did not have a plastic disk, and 
Figure A.16 is of the side-on cylinder with the disk. 
The plastic disk was still bonded to the end of the 
cylinder which was oriented side-on. As can be seen 
in Figure A.17, the material loss on the plastic disk 
was irregular, but at no point did the disk burn com- 
pletely through to the steel. 

The cylinder oriented end-on with the plastic disk 
away from the burst point did not bave the plastic 
disk attached when it was recovered; however, some 
of the bonding material was still stuck to the end of 
the specimen. Figure 4.18 shows that the end which 
faced the burs: point had much move material loss 
than any other part of tne specimen. The surface of 
this specimen and also the other two ballistic cylin- 
der3 had flos lines of resolidified steel. The scratch 
marks caused oy the imoact with the ground cut 
through the flaw ines leaving sharp edges. 

Dynamic Pressure Cylinders at the 
50-Foot Station. The front of the cylinder was 
so distorted by the pressure forces that the postshot 
diameter was greater than the preshot. The rear of 
the specimen was not appreciably distorted, but its 
front had been compressed as much as y, inch. The 
rear cover plate was extruded 0.075 inch into the 
velocity distance insert, but the front of the cylinder 
was extruded as much as '/ inch into the insert. The 
hardened steel insert was broken and could not be 
removed from the shell; therefore, the front of the 
cylinder had to be cut off to study the extrusions on 
the front end. Figure 4.19 is a profile drawing of the 
evlinder, and Figure A.20 shows the extrusions of the 
outer shell and the fracture of the hardened insert. 

The surface of the cvlinder was coated with a large 
amount of refrozen meral. One side of the cylinder 
Was covered with pi of metal, which looked like 
broken paint blisters, as seen in Figure A.21. 

Dynamic Pressure Cylinder at 150- 
Foot Station. Fizsure A.22 is a profile drawing 
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108 0.624 0,.88}0.75 16,96 | — | 
+b 2.404 0.56 10.5, fou | 
a 4038 | 17.2% | 7.86 | 8.72 19.46 |20.6. 
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Location of Measurements (Dist. 
Metal Loss, Groove+ 5ide AT 
Metal Loss, Flat Side O 5 


Location of Measurements (Dist. 
Hotal Loss, Grooves Side AT 
Metal Loss, Flat Size AB 


Location of Measuresents (Dist. 
Metal Less, Grooved Side AT 
Matai Loss, Flat Sise AS 


CID Fa 
bbs & | 
Re 


OAwr Awe 


$6216 7.76 | BLL 19.20 
2.4 | 0 6.38 10.26 jc.4c 
2.3810 6.36 | C.36 10.36 
2} 6 7.72 | B40 | 9.26 
fc. 0.38 10.26 | C.b2 
0.34 [6.36 | 6.36 

+62) 6 7.72 | Bs | 9.00 
+26 | 0. 0.38 | 0.26 | C.u6 
S/o 0.34 | 6.38 | 0.40 
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TABLE A.4. SUMMARY OF DEPTH OF MATERIAL LOSS FOR FLAT PLATE GROOVED LONGITUDI- 
NALLY, 150-FOOT STATION 


TYPICAL SECTION 


sot 


we 1.92 >| 


Sb |S 


[Section a b é d e t rf h k TT om [a 7 p- 
Location of Measurements (Dist. From Side) || 0.42 [1.44 | 2.22 $3.00 | 3.561 4.16] 4,96 | 5.70 6.94 | 7.80 | 6.40] 9.26 [9.54 

AA Metal Loss, Grooved Side AT ~~ 10.52 |0.68 |0.50 | 0.72 | 0.541 0.74 | 0.54 0.50 | 0.48 | 0.48 | 0.56 | -- 
Metal Loss, Flat Side OB Sees | elles 0.50 | 0,50 10.50 | 0.48 | 0.48} 0.48 | 0.48 0.50 | 0.54 | 0.54 0.56 ax 

Location of Measurements (Dist. From Side) |} 0.4611.40 | 2.20 | 2.84 13.50 [4.16] 4.96 | 5.60 | 6.26 | 6.92 | 7.70 | 8.40 | 9.28 [9.56 

BB Metal Loss, Grooved Side AT ~~ [0,62 [0,8 | 0,60 | 0.82 | 0.68) 0.86 | 0,62 10.78 | 0.54 | 0.74 | 0.58 | 0.56 | -- 
Metal Loss, Flat Side AB ~- 10,50 10.50 10,50 | 0.50 | 0.50] 0.50 | 0.50 10.50 | 0.48 | 0.46 10.46 | 0.46 | -- 
Location of Measurements (Dist. From Sida) |] 0.54 | 1.52 | 2.14 | 2.80 | 3.60] 4.36] 5.00 | 5.64 | 6.30 | 6.92 | 7.66 | 8.40 | 9.20 | 9.50 

Motal Loss, Grooved Side AT -~ |]0.70 10.94 {0.70 |] 0.90 {0.721 0,82 10,68 |0.861]0. 0.78 |0.56)0.68 | -- 

Metal Loss, Flat Side AB -- [0.56 |0,.56 [0.56 | 0.56 ]0.56| 0.56 [0.54 [0.54 |0.52 | 0.52 ]0.52 | 0.5% | -- 


TAULE A165 AVERAGE DEPTH OF METAL LOSS AT VARIOUS CROSS SECTIONS OF THE LAMINATED 
CYLINDERS 


BURST POINT 


es 


Note: Metal loss X and Y are losses on end of cylinder. Metal loss A, B, and C are average losses at 
cross sections. 


TABLE A.6 SUMMARY OF AVERAGE DEPTH OF METAL LOSS AT VARIOUS CROSS SECTIONS ALONG 
BALLISTIC AND DYNAMIC PRESSURE CYLINDERS 


' et toe ie ed 


Saerere aR 


C> point 


h 
N— PLASTIC INSERT 
(Only on Typo AA) 


PLASTIC INSERT 
(Only on Type CC) 


ay ~a—— a — <t———— a 


¥OL 


BALLISTIC CYLINDERS DYNAMIC PRESSURE CYLINDERS 


Distance fo Section 


eae Urisnlation 


Side-On 


Bullistic Cylinder 


Kialifetie Cylinders 
(With Plastic Insert) 


Side-On 
bknd-Ou 
End-Ca 
End-On 
End-On 


End-Un 
End-On 


Dynamic Pressure 
Cylinders 


bynamic. Pressure 
Cylinders (With 
Plastic Insert) 


® Distance from the original end of cylinder. 
> Loss on plastic disk. 

© Plastic insert was not recovered, 

d end of cylinder was distorted by blast, 


variation of material 
ane front of tng cylinder 


the rear, 


lose ubOul the specimen. 
had more material loss than the sides or 
and the sides of the cylinder had more loss toward 
the front than rear. The surface of the oviinder, as 
seen in Figure A.23, had an interesting tlow pattern 
of refrozen metal and was covered with blisters (as 
geen in Figure A.24) similar to the cylinder at the 
50-foot station. On the rear and sides of tne cylinder 
there were a few cuts and scratches which cut 
through the flow lines and blisters. 

Dynamic Pressure Cylinder at 250- 
Foot Station. Except for a slight rounding at the 
ends, the material loss on the sides of the cylinder 
was uniform. The material loss, Figure A,25, along 
the sides of the cylinder was 0.2 inch, and the loss on 
the front and rear was 0.26 and 0.12 inch, respec- 
tively. The surface of the specimen was covered with 
a rusty shell of refrozen metal which was about VY, 
inch thick and which was not bonded to the cylinder. 

Dynamic Pressure Cylinders With 
Plastic Disks at 150-Foot Station. There 
were two cylinders exposed at the 150-foor station 
which had material losses of 32!4 and 28'/, pounds. 
The plastic disk was missing from the one which lost 
32'/, pounds, and the surface where the plastic had 
been bonded was covered with flow lines and blisters 
of refrozen metal, but there was no measurable metai 
loss. The cylindrical surface was free of foreign ma-~ 
terial and had a flow pattern similar to that shown in 
Figure A.23. 

The cylinder which lost 28'/, pounds of material 
still had the plastic disk attached to it; however, the 
disk was not bonded to the steel. The sides of the 
cylinder bad markings similar to those on the other 
two cylinders at the 150-foot station. The plastic loat 
an average of 0.19 inch of material; the solid steel 
te lost 0.16 inch, and the sides of the cylinder lost 

our 0.30 inch. 

A photograph of the exposed face of the plastic disk 
is shown in Figure A.26. Profiles of both the cylin- 
ders which had plastic disks are shown in Figure 
A.2T, 


Bes 


A.1.6 Material Evaluation. Table A.7 lists some 
of the representative depth of material loss meas- 
urements for material spheres. The sketch on the 
table depicts the locations of these measurements on 
the sphere. 

Plastic Sphere at 150-Foot Station. 
Only about /, of this specimen was recovered. The 
specimen broke apart along a horizontal plane. The 
surface of the specimen was badly damaged and 
severely canyoned, as shown in Figure 3.12. The 
depth of material loss was measured as 0.047 inch 
on the plastic and 0.070 inch on the steel locking nut 
which was still attached to the sphere. The surface 
of the canyons, as well as the exposed surface on the 
inside of the sphere, was charred to a depta of about 
VY. inch, indicating that the sphere broke apart while 
ic was still in the fireball. 


at 250-Foot Station. 
i Thage to this sphere. The section 
t 1@ burst point had some shallow sec- 
tigas oroken out, and the surface was charred to 4 

: ; inch. The mounting bolt shown in 
til) attached to the sphere. 
heres. Three pieces of graphite 
but they could not be identified as to 
Two of the pieces fitted together to 
part of a sphere. From the recovery location it 
is believed that they came from the 250-foot station, 
but positive identification could not be made. Taere 
were some smal! pieces missing from the surface of 
the specimen portions recovered, which were be- 
lieved to have been chipped off by the impact with the 
ground. If there was any material loss due to the 
fireball environment, it was so small that it was aot 
measurable. 

Copper Sphere at 50-Foot Station. The 
surface of the specimen was relatively clean, with 
only a small amount of resolidified material! on it. 
Figure A.28 shows the variation of metal loss ina 
plane parallel to the shock wave. The metal loss was 
ieast in the vertical plane passing through the burst 
point and the c of the specimen and was greater 
in specimen sections parallel to this plane, increas- 
ing as the distance of the sections from the central 
vertical plane increased. These sections remained 
approximately circular; although the horizontal sec- 
tions were somewhat elliptical, with their major axes 
in the central vertical plane. 

Copper Sphere at 100-Foot Station, 
Material loss was uniform and left the specimen still 
quite spherical. Part of the specimen was coated with 
a layer of refrozen slag, but the rest of the surface 
was clean and appeared to have been swept clean of 
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molten copper by impact with the ground. Figure A.29 
is a photograph of ‘4, of the sphere and slag. 
Copper Sphere at 150-Foot Station. The 


Sphere, as listed in Tables 3.8 and A.7, with a weight 
loss of 56¥, pounds was believed to be from the 150- 
foot station, but there was the possibility that it could 
have been from the 200-foot station; however, the re- 
covery location, weight loss, and that portion of the 
identification plug which was legible all indicated that 
it was from the 150-foot station. The surface had 
some small flow lines of resolidified copper but not 
a complete layer of refrozen metal. The metal loss 
was not uniform over the specimen but had a varia- 
tion similar to that on the copper sphere at the 50- 
foot station. Figure A.30 shows this variation as 
viewed from the burst point. 

Copper Sphere at 200-Foot Station. 
The copper sphere listed in Tables 3.8 and A.7 with 
a weight loss of 42 pounds was believed to be from 
the 200-foot station; however, it might possibly have 
been from the 150-foot station. Part of the sphere 
was covered with a mixture of copper and slag, but 
the remainder of the specimen was free of foreign 
material. It appeared that the sphere was covered 
with a laver of molten copper which was wiped away 


TABLE AW SUMMARY OF DEPTH OF MATERIAL LOSS AT VARIOUS POINTS ON MATERIAL SPHERES 


EXPOSED TO SHOT ERIE 


BUST BURST * 
POINT HUINT x A 
oe 5 
ie ; an 
7 o— FRONT <— TOF 
ft vee FRONT 
LEFT RIGH °; \\ 
SIDB*~ a ~ S10 pe 
Pa ae 
¥ 
SECTION A-A A sIpE VIEW ® 


Plastic 


S. Steel 
5. Steel 


Titanium 
Titanium 
Copper 
Copper 
Copper 
Copper 
Copper 


rer rm em BDO 


Slant Range [| 
Material ; 


Molybdenum 
Molybdenum 


Nominal Pront | Back | Rt. Side[ Lt. Side | Tap Bottom 
Feet Inches| Inches Inches Inches Inches 

—— Se eer ied Bes SS cela at {SS i 
250 0,00 0.02 0.04 0.04 0.02 
100 0,28 0.36 0,216 0.38 0.24 
200 0.18 0.18 0.20 0,24 0,08 
100 0.38 0.36 0.44° 0.46 0.38 
200 0.40 0.16 0.18 0.30 0,28 
100 0.70 0.56 0.60 O.5k 0,80 0.58 | 
200 0,52 0.28 0.38 O15 0.42 0,36 

50 1.64 1,68 1.34 1.42 1.32 1.29 

1600 0.94 0.92 0.76 O76 0.82 0.64, 
150 1.40 O.3h 0,46 1.36 1.54 1.20 
200 0.80 0.70 0.82 0.80 0,80 0.68 
250 O74 0. 5h 0.72 0.72 0.68 0.64 


Material Loas 


48Vertical profile of sphere viewed norms) to the direction of shock wave propagation, 


Pare, [2 - (ih 


| 


where: Wo Fre-Shot Wt. (lbs) SR = Average Radius Loss (4n.) 


W = Post-Shot Wt. (1ba) Ry = Pre-Shet Radius (4in,) 


End of mild steel pluz. 


a ve ra po b 
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Inches 
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ré. atively uniform, | 
sooerical. 


Copper Sphere at ue nes Station. 
Tae sphere hit some solid object which zouged the 
surface, as shown in Figure A.31. The metal loss 
was slightly more on the front and sides of the speci- 
men than on the rear. 

Motybdenum Sphere at 25-Foot Sta- 
tion. Figure A.32 shows the section of this sphere 
which was recovered. The depth of metal loss was 
determined by measuring the profile of the recovered 
part and then finding the radius of curvature. Using 
this method, the metal loss was estimated to be 0.74 
inch in a radial direction. Assuming equal material 
loss over the entire surface of the sphere, the weight 
loss of the entire specimen, had it remained in one 
piece, would have been approximately 45 pounds. 

The portion of the sphere recovered was from the 
rear of the specimen, since it contained the orienta- 
tion bolt, which was always positioned away from the 
burst point. 

The inside of the specimen showed signs of melt- 
ing which would indicate that the specimen broke 
apart before it was buried in the ground. The sur- 
face was pitted with small irregularities but the 
finish was smooth. 

Molybdenum Sphere at 100-Foot Sta- 
tion, Metal loss was uniform in a vertical plane 
parallel to the blast, but in the vertical plane normal 
to the blast the one side lost 0.2 inch more than the 
opposite side. Figure A.33 shows the variation of 
material loss in the two planes. 

The surface of the specimen, Figure A.34, was 
relatively clean but had many stream lines of re- 
frozen metal. There was one small area which had 
a iew scratch marks; this area was also the only 
area which had any foreign material adhered to it. 

Molybdenum Sphere at 290-Foot Sta- 
tion. Material loss was uniform over the entire 
surface of this specimen and amounted to 12% 
pounds, There were two cracks in the surface of 
the specimen, one of which extended through 366 de- 
grees in a horizontal plane and the other for about 
15 degrees in a vertical plane. The surface had 
seratch marks which indicated the point of contact 
with the ground. There was a thin layer, about 0.010 
inch thick, of resolidified material on part of the 
specimen. 

Stainless Steel Sphere at 25-Foot 
Station. This specimen, like the molybdenum 
sphere at the 25-foot station, was broken apart, and 
only the rear section was found. By measuring the 
profile and finding the radius of curvature, the ra- 
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nerefore, due to the distortion of the specimen, the 
eoth of material loss could not be found. Figure 
A.35 is a photograph of that portion which was re- 
covered. The inside and outside of the specimen 
looxed about the same regarding surface conditions, 


o a. 


us appeared to have increased instead of decreased; 


cared that the specimen broke apart 
wiiin the fireball. 
nless Steel Sphere at 100-Foot 
The specimen had three pockmarks on 
oni side. but otherwise the material loss was 
orm, being about 0.35 inch at any point on the 
specimen. Figure A.36 is a plot of a vertical profile. 
Also shown in the same figure is a ¥%4) to %4. inch 
ok laver of refrozen metal which covered about 
vA the specimen surface but was not bonded tightly 
thereto. The other half was clean and had cuts and 
scratches on it, indicating the point of impact with 
the ground. It appeared that the entire surface of 
the sphere was covered with a layer of molten metal 
which the impact with the ground removed on the side 
of contact, This specimen was machined from a bil- 
let which had some flaws in it. These flaws were in 
the form of a group of small holes which ran through 
the center of the billet. The flaws were drilled out 
and a mild steel plug about */, inch in diameter was 
pressed in their place. The plug was machined with 
the spaere so that the exposed end had a spherical 
radius and was flush with the surface of the sphere. 
Postshot inspection of the specimen showed that there 
was what appeared to be a pockmark exactly centered 
on the end of the pin. This pockmark was about 1! 
inches in diameter and Vy, inch deep; however, it was 
no: known whether this was a pockmark of the same 
type as those which appeared on the other parts of 
this specimen and on several of the others or whether 
it was due to some phenomenon associated with the 
mild steel plug being pressed in the stainless steel. 
Stainless Steel Sphere at 200-Foot 
Station, Metal loss on this specimen was rela- 
oe ‘uniform with slightly more on the front face, 
as shown in Fi gure A.37. Weight loss was 11°, 
is, Which was an average reduction in radius of 
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t hall tae specimen was clean and had a 
h but was pockmarked with small pits. 


Abou 
smooth fini 
The other half had some refrozen metal in the form 


of flow lines which looked like thick paint smears. 
This refrozen metal was bonded tightly to the sphere. 

Titanium Sphere at 100-Foot Station. 
Tne side of the sphere which hit the ground, as in- 
dicated bs the scratches and cuts (see Figure 4.38) 
was ‘ree of foreign material or a large amount of 
refrozen material, but the opposite half was covered 
with a laver of resolidified material. Apparently the 
entire suriace was covered with a molten layer when 
contact was made with the ground, bur this layer was 
wiped off as the sphere penetrated. 

The overall material loss was uniform except for 
the thickness of the refrozen layer on the one half. 
The weight loss of 16 pounds indicated an average 
reduction of 0.56 inch in the radius. 

Titanium Sphere at 200-Foot Station. 
Tae material loss on the side facing the burst point 
was slightly more than on the side away from the 
burst point. This variation of material loss is shown 
in Figure 4.39. The face of the sphere which hit the 
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Figure A.39, otherwise 


an and had only a small amount of reirozen 


Tanitalum-Copper Cytinder at i6t0- 
Foot Siation. Weight loss of this cylinder as 
giver in Table 3.8 included the weight loss of the 
copper, tantalum, and steel. No attempt was made to 
separate the material loss for each of the individual 
items. Variation of material loss along the cylinder 
can be seen in Figure A.40. Because of the bent con-~ 
dition of the specimen, the original profile of the 
specimen ig not shown; however, the cylinder was 
originally 18 inches long and 6 inches in diameter, 
constructed of two steel end caps, each 3 inches 
thick, and three 4-inch-thick copper cylinders. When 
the cylinder was bent, the ends of the sections were 
then exposed, with the result that the material loss 
was irregular. All the tantalum was gone from the 
specimen. The rear side of the three copper sections 
had been shortened by slightly more than 4 inch, with 
the result that the loss of the copper as measured 
from Figure A.40 may not have been the true mate- 
rial loss. 


Tantalum-Copper Cylinder at 200- 
Foot Station. The weight loss given in Table 3.8 
is the combined loss of the steel, copper, and tanta- 
lum. Figure A.41, the postshot profile measurement, 
shows the large variation of material loss. As shown 
by the profile, there was more material lost at the 
center of the cylinder than at either end. The copper 
section which was covered with 0.100 inch of tania- 
lum appeared to have about the same loss as the 
section which was not covered. Because of the pro- 
tection afforded to the outer copper cylinders by the 
steel end caps, the planned detailed analysis of the 
metal loss experienced by each cylinder was not 
undertakes. 

Bakelite Cylinder at 200-Foot Sta- 
tion. The cylinder was broken in two, and only part 
of it was recovered. The exposed surface of the 
specimen lost about '4 inch of material. Figure A.42 
is a profile drawing and photograph of the specimen; 
note in the figure that the aluminum bolt in the end 
of the cylinder had little material loss. 


Specimens With Ceramic Inserts. 
Three of the six cylinders which held the special 
purpose alloys and ceramics were recovered. These 
were the cylinder at the 100-foot station and both 
cylinders at the 200~foot station. 


The specimens, after they were returned from the 
test site, were sent to the General Electric Company, 
which had supplied the samples, for analysis. The 
following was taken from a letter received from the 
Alaterials Studies Aerosciences Laboratory of the 
General Electric Company, dated 25 June 1957. 


This letter gives the final observations on samples supplied by 
the Missile and Ordnance Systems Department of the Genera! 
flectr.cg Company for exposure to atomic blasts in Project Re<- 


st method of exposure 

3 june 13, 1956. 

een to remove the samples from 
1, measure their loss of 
pessioiv make metallographic ex- 
mign: be expected to show a 


aminangn at 
change in scucture. Thus became impossible for several reasons. 
The sample hoicers : 
uring ‘ne exposure, making machining op- 
erations d lon, the units had become coated with 
fused sand, wnose clean ramowal presented problems, Moreover, 
some of the simpies retaine! a considerable level of activity for 
ypilcating any work to be done on 
inches from some samples was in 


this was ha 


Loin ads 


months afier in 
them, The doszyze level a 


test, con 


to photograpés of che recovered materials, showing their present 
condition, and notes on the condition of each sample. It is be- 
Uewed thar this will at least serve to distinguish bernween the 
more resistant and less res:stant materials, .. 


Figure A.43 shows two of the cylinders, one from 
the 100-foot station and one from the 200-foot station, 
and Table A.§ the observations and relative ratings 
as made by the General Electric Company. This table 
lists the specimens exposed to Shot Erie as well as 
Shot Mohawk. The Mohawk data is presented on the 
same table with the Erie data as an aid in making 
comparisons of the various inserts. 


A.2 SHOT MOHAWK SPECIMENS 


The depths of metal loss at some typical points on 
the spheres are tabuisted in Table A.9. The meas- 
urements were taken from the profile data. The 
analysis of the ceramic inserts in the 9-inch- 
diameter spheres is presented in Section A.1.6, 
Table A.8, along with the inseris from the Shot Erie 
test, 


Ten-Inco-Diameter 
Steel Sphere at 545-Foot Range, Right 
Side of Tower, his was one of the two 10-inch 
spheres from the 150-foot level on the specimen 
tower and was found 210 feet from the base of the 
tower, Material loss was relatively uniform and 
amounted to 50'/ pounds. There were two peculiar 
grooves, about /4,; inch deep and 4 to % inch wide, 
around this specimen and also around the other three 
solid steel spheres exposed at the 150-foot level. 
These grooves were parallel to each other and about 
1\4 inches apart. In all cases the mounting bolt was 
between the grooves; however, there was no correla- 
tion of the plane of the grooves with the direction of 
the shock wave. Figures A.44 and A.45 are illustra- 
tions of these grooves. 

Ten-Inch-Diameter Steel Sphere at 
545-Foot Range, Left Side of Tower. 
This specimen was exposed at the 150-foot level and 
was found 173 feet from the tower, The sphere had 
40 pounds of materia! loss in a uniform fashion ex- 
cept for the double groove, shown in Figures A.44 
and A.45, which ran around it. The surface was clean 
and free of pockmarks or scratches. 
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TABLE A.8 VISUAL ANALYSIS OF CERAMIC AND ALLOY SAMPLES 


RATING 


COMMENTS 
At 545 ft. Renge 


RATING 


Very Good 
nes oes aa 


At. 100 f%. Range 


Some Evaporation and Melting at 


Considerable Evaporation 


Edges 
Some Evaporation (Sand Encrus 


Helted and Evaporated Below — 
Plate _ ee 
| Conelderable Even Evayoration | 


“ Saae Evaporation a 


“Lost 17k Inch; Some Hi 


Ko 

5-815 Co - Base ALL cos ee 
Wyo + Binder (Wort aye “Shocked and Evaporated Flush; 
Sone Melting ae 
a5 mere email “AG derable Evaporation; iiaif 


Gone 


Gone ie : 
“Evaporated or Sheared; Some | 
Melting | 


Residue in Hole 


Lost 1/2 Inch 


fiefrax JO - SIC Bonded With FN, 
“Q = Felt +Folyester 


eta. Fiberglas + Po 

+ or ag+ 2 as or 
BC + Polyester aes 

~ tar oy UE Tungoten Carbide Ce 


“BInterad end Extruded Alum, + Ig; - 
Powder Metal Product 
“Phenolic + Aabestos Felt 


Shocked or Spallad; Some 
Melting 
“Sheared 


= Soma Charring snd Spalling, Fx- 
cellent Condition 

Top Gone — 

Cone a Ms - 

Sheared Flush; Some Fusing, 


Very teed) 
Your 


Co ceed 


“Sema Evaporation at “Fale : 
‘Hestdue in Hole 
Lost 1/8 Loch, Some 3ypalliay 


“Graphitef Cr Plate” 
Mg0+4 Birier (Carborundum) 
Ki62B Kentanium (TMC Cermet) ~ 


“Glase Cloth end Welantns © 
Durhy-Si Selene inte Sit 


Exposed Part Evaporated or 
Shoared Flush 


hoor 
Cood 


Evaporated Half Expoued 
Portion 


~ Higstdue in Hole _ 
Lost 1/8 Inch 


Ceod (7 


Fvivorated V4 Inch paar eras 
Chips or Breaks) 


Sheared or Evaporated 1/2 Inch 
Lost tu Tnch, Some Melting 


Dart Fajrepisted Inte Sit” 
—_ Gene 


“Glass Hat and Polyester 


Melted Flush 


Cut Cr Plate 
Ho, Ceramic Coa 
4 io, Ceranto™ Coa i : 
“Molded Compound Phenolic Maboatos 
RL + VOR (Vol) A130, as 


Lost ever Inch From Top, Scue 
Malting b __. 


ae } Residue in Hole 
ereees a ae : ; Lost 1/2 Inch From Top of Sample 
ome Evaporation and Spalling 
Around Sides 


& ie : | Reaidue in Hole a 
Some Residue in Hole 


Some Evaporation and Melting 


KOTE: Specimens exposed at 100 ft. and 200 ft. ware from the Erie test and specimens exposed at 545 ft. were from the Hohawk test. 
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TABLE A.O SUMMARY OF DEPTIE OF MATERIAL LOSS AT V 
TO SHOT MOHAWK 


ARIOUS POINTS ON SPHERES EXPOSED 


HURST BURST . 
POINT FCINT ie 
fi ZA 
— FRONT TOF 
; woo FRONT 
LEFT Vai RIGHT a 
SIDE -— ; a7 “21 DE : 
Son ae, BOTTOM 
SECTION A-A SIDE view 
Nominal Material Loss _ el 
Type | Slant Range | Front Back Rt. Side Top Bottom | Average? 
Feet Inches Inches Inches Inches Inches Inches Inches 
seep (pecanteentamasie a ce pae= a == a2 arms Stee ee ee a ee SS ee Sienocmnmoannans 
N 545 0,84 0.76 0.76 0.76 0.64 
N 545 0.44 0.50 0.52 0.56 0.72 0,50 
N 575 0.08 0.08 0.08 0.04 0.12 0,05 
N 575 O.2h 0.24 O.44 0.18 O.bk 0.26 
0 545 Ov kb 0,48 0.56 0.48 0,56 0.45 
0) 545 0,42 0.30 0.50 0.48 0.52 O41 
GG 545 1.10 1.06 1.08 | 1.20 0.86 0.88 


® Vertical profile of sphere viewed normal to 


Par =r, fa - (Hy a 


where: Wo= Pre-Shot Wt, 
W = Post—Shot Wt 


(lbs) AR = Average Radius Loss (in.) 
. (lbs) = Rg = Pre-Shot Radius (4n.) 


On 


h-Diameter Steei Sphere at 
Si 


ch e 
45-Foot Range, Right de of Tower. 
This sphere was exposed at the 150-foot level and 
was found 175 feet from the base of the specimen 
tower, The metal loss, 23 pounds, was uniform ex- 
cept for the double groove whica extended around tae 
specimen. Figures A.44 and A.45 show the variation 
of metal loss and the orientation of the double groove. 
There were no Scratch marks or flow lines on the 
surface, 

Eight-inch-Diameter Steel Sphere ait 
545-Foot Range, Left Side of Tower. 

The specimen was found 205 feet from its original 
position and had a metal loss of 21 pounds. The metal 
loss was uniform around the sphere except for the 
same double grooves. 

Nine~Inch-Diameter Steel Sphere at 
545-Foot Range, Right Side of Tower 
(Ceramic Insert Sphere). This specimen 
had a uniform metal loss of 28 pounds and was found 
at a ground range of 180 feet from the specimen 
tower, The surface was covered with a thin layer of 
rusted material. 

Nine-Inch-Diameter Stee! Sphere at 
545-Foot Range, Left Side of Tower 
(Ceramic Insert Sphere). This specimen 
was found 180 feet from the base of the specimen 
tower with a uniform metal loss of 29% pounds. 
There was a thin crust, about % inch thick, which 
had rusted; this crust was not bonded tightly to the 
surface, 


te F put Hinge, Right Side of Tower, 
This soherc, exposed at the 70-foot level, had little 
metal loss, only +'4 pounds, and was found 270 feet 

he ivwer. The surface was clean, smooth, and 
ign material. 


free of any 

Ten-Inch-Diameter Steel Sphere at 
575-Foot Range, Left Side of Tower, 
Tails specimen was also exposed at the 70-foot level 
but had a meta! ioss of 2114 pounds. It traveled the 
farthest, 420 feet, of any of the specimens exposed to 
Shot Mohawk. The surface of this specimen had an 
interesting flow pattern of refrozen metal. These 
flow lines started at the two poles of the specimen 
and spiraled around, ending in a line at the equator; 
it thus appears that these lines were formed by 
moiten metal being thrown to the equator by centrifu- 
gal torce, as seen in Figure A,46. 


A.2.2 Aluminum Sphere. Ten-Inch-Diame- 


ter Aluminum Sphere at 545-Foot Range. 
This sphere was exposed to the Mohawk fireball at the 
150-foot level on the specimen tower. The weight loss 
of 22'4 pounds was about 0.3 inch greater on the front 
side than on the rear. One interesting observation 
was that the mounting bolt broke just outside the lock- 
ing nut; then, as the aluminum was removed, more 
and more of the steel mounting bolt was exposed, 

with the result that there was a large variation in 
material loss on the bolt. Figure A.47 shows the 
mounting bolt and sphere. 
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Figure A.2 Ten-inch-diameter steel spher 
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Figure A.3 Cone end of composite specimen, oriented cone forward, 50-foot station. 
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4 Sphere end of composite specimen, Figure A.5 Sphere end of composite specimen, 
ed cone forward, 50-foot station, oriented cone forward, 50-foot station. 


Figure A.6 Steel composite oriented cone forward, 50~foot station. 


Figure 4.8 Side-on composite, 50-foot station. (note pockmarks). 
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Figure A.9 Side-on composite, 50-feor sacion. 
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Figure A.ll Laminated cylinder, 150-foot station, five '4-inch laminations, 
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Figure A.12 Laminated cylinder, 150-foot station 
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Figure A.l4 Laminated cylinder, 150-foot statio 
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Figure A.19 Dynamic pressure evlinder, 56-foor station, 
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Figure A.21 Dynamic pressure cylinder, 50~-foot station (note blisters an the surface). 
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Figure A.22 Dynamic pressure cylinder, 150-foot station. 
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ynamic p 


25 


Figure A 


disk from dynamic pressure 


Figure A.26 Plastic 
cylinder, 150-foot station. 
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Figure A.28 Copper sphere, 50-foot station. Figure A.29 Copper sphere, 100-foot station. 


Figure A.30 Copper sphere, 150- Figure 4.31 Copper sphere, 250-foot station. 


foot station. Cut in right side was 
made after the test to relieve pres- 
sure on peak temperature pin 80 
that it could be removed. 


Figure A.32 Molybdenum sphere, 25-foot station. 
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vodenum sphere, 100-foo: scation. 


Figure A.33 Mol 
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Figure A.35 Stainless steel sphere, 25-foot station. 


Figure A.34 Molybdenum sphere, 100-foot station. 


Figure A.36 Stainless steel sphere, 


Figure A.37 Stainless steel sphere, 200-foot Figure A.38 Titanium sphere, 100-foor station. 
station. 


Figure 4.39 Titanium sphere, 200-foor station. 


Figure A.40 Tantalum-copper cylinder, 100-foor station. 
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Figure A.41 Tantalum-copper cylinder, 200-foot station. 
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Figure A.43 Cylinders with ceramic aad special alloy samples. 


134 


a 


§-Inch Diameter, Left Side 8-Inch Diameter, Right Side 


Figure A.44 Steel spheres, d43-foo: range, Shot Mohawk. 
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10-Inch Diameter, Right Side 10-Inch Diameter, Left Side 


8-Inch Diameter, Left Side 8-Inch Diameter, Right Side 


Figure A.45 Steel spheres, 545-foor range, Shot Mohawk (note the double grooves). 


Figure A.46 Ten-inch-diameter steel sphere, 575-foot range, left side of tower, Shot Mohawk. 


Figure 4.47 Ten-inch-diameter aluminum sphere, 545-foot range, Shot Mohawk. Note mounting bolt. The 
blast came from the left in the right photograph. 


Appendix 8 
ELECTRICAL RECOROING WITHIN THE FIREBALL 


B.l INTRODUCTION 


The problems involved in collecting data inside a 
nuclear fireball by electrical means can best be in- 
dicated by listing the more important environments! 
conditions in which such a recording system must 
operate. Theoretical analysis of the fireball of a 20 
kt nominal atomie bomb at sea level yields the fol- 
lowing environmental conditions: 

1. Temperature ranging from about 150,000C tc 
5,000C, 

2. Overpressure up to 20,000 atmospheres, 

3. Neutron bombardment at high flux rates and 
totals up to 10!? neutrons/em?. 

4. Gamma radiation in excess of 2x 108 Yr, 

5. Powerful electromagnetic radiation of various 
wave lengths. 

The above environment results in the specimen 
responses of up to 1 inch metal loss due to the high 
temperature, accelerations on the order of 100,000 
grams due to the shock wave and dynamic pressure, 
and overpressure crushing. The specimen container 
must be designed to withstand ali these effects and 
protect the recorder and other equipment from the 
fireball environment. The recorder must be of a 
rugged design capable of withstanding the high accel- 
eration and nuclear radiation from which the con- 
tainer cannot shield it. 

Six instrumented specimens, each containing a 
miniature tape recorder, were exposed inside the 
fireball of Shot Erie. Five were spheres 12 inches in 
diameter and were exposed at slant ranges of 100. 
M50, 200, 250, and 300 feet from the detonation point. 
The sixth specimen was a 16-inch-diameter sphere 
and was exposed at a slant range of 50 feet. 

The object of this appendix is to describe and 
evaluate the electrical recording system and to sug- 
zest improvements for future designs. 


B.2 PROCEDURE 


Since this was one of the first attemprs to make 
electrical measurements inside the fireball, it was 


decided to keep the Specimen as simple as possible. 

Various specimen configurations were considered 
and a spherical shape was chosen because the drag 
coefficient was independent of specimen orientation 
and also because it was structurally capable of with- 
standing large overpressure crushing forces. Since 
the ballistics of a sphere are somewhat predictable, 
location and recovery of the specimen after the test 
would also be facilitated. 

A tape recorder was selected as the best method of 
electrical recording inside the fireball. Other re- 
cording methods were undesirable because of their 
vulnerability to such things as high level gamma ra- 
diation and large accelerations. The only available 
recorder which appeared suitable for these require- 
rents was the North American Instruments (NAR) 
miniature recorder. it combined small] size with op- 
eration at relatively nigh accelerations. Direct re- 
cording, without amplifiers, of low power thermo- 
couples had been eccomolished with this recorder 
using a dc erase of a prerecorded signal. The fact 
that no amplification was required to record low 
power de signals on magnetic tape made it idea! for 
ihis project s specimen. 

Phenomena selected for measurement were speci- 
men accelerations, depth of surface melting as a 
function of time, and specimen temperature at se- 
lected depths below the surface. 


B.2.1 Container. Design of the spherical speci- 
men container was guided by several considerations: 
(1) it had to be adequately housed to protect the re- 
corder anc other equipment from the extreme envi- 
ronment of the fireball, (2) it had to have sufficient 
surface area to permi: mounting of the various sens- 
and (3; it had to be as small as 
practical, cor tent with recorder size and require- 
ments in (1; (2) above. 

Figure B.1 shows tne container design selected for 
ail ranges except the closest. It was spherical in 
shape, 12 inches in diameter, and fabricated from 
high streng:h steel. Machining tolerances on the ex- 
ternal caps and cap seats were he!d quite close to 


ing transduc 


prevent tho large pressures from forcing the high 
teroperature gases inside the container, The design 
was such that overpressure would press the caps 
tighter into thelr seats, thus making a better seal and 

is. removing much of the stress on the cap securing 
bolts. 

The main body of the container and all external 
caps were made of 4340 steel heat treated to a vield 
strength of 200.000 pst or more. Since the strongest 
specimen possidie would nave been a solid sphere. 
the container was designed to approach this ideal as 
closeiy as feasible. The main container body was 
fabricated from a solid steel billet, and a minimum 
amount of steel was removed from the inside. Con- 
sideration of the machining costs, wiring space, and 
equipment mounting space caused some voids which 
were filled with a foam-in-place plastic called 
Eccofoam. 

A specimen larger than 12 inches in diameter was 
required at the 50-foot range because: (1) a large 
amount cf metal loss was expected. (2) increased 
strength was required to withstand the overpressure 
crushing, and (3) the mass of a larger specimen 
would cause smaller accelerations. This closest in-~ 
strumented specimen (50-foot slant range) was a 16- 
inch diameter sphere. Essentially, it was one of the 
12-inch spheres described above with a 2-inch thick 
shell completely enclosing it, as shown in Figure 
B.2. The shell was in two pieces which screwed to- 
gether. The two half shells were machined to close 
tolerances, heat treated to a yield strength of 200,000 
psi or better, and finally ground on their inside sur- 
face to fit very tightly over the 12-inch inner sphere. 
These close tolerances were necessary so that dur- 
ing the overpressure loading the shell would transfer 
part of the load to the inner sphere, and during the 
high acceleration the sphere would have maximum 
bearing area on the shell. 


B.2.2 Recorder. <A mintature tape recorder 
manufactured by North American Instruments, Inc. 
was selected as the specimen recorder. The reasons 
for the selection should become apparent after study- 
ing the recorder characteristics listed below: 

1, Satisfactory operation while under axial accel- 
erations up to 500 grams and angular accelerations 
up to 200 radians/sec’. 

2. Small size, approximately 4 inches in diameter 
by 6 inches in length, including batteries. 

3. Eight information channels on 44-inch magnetic 
tape. 

4. Employment of a recording system which could 
record smal] de currents without the aid of ampli- 
fiers. 

The North American Recorder (NAR) as shown in 
Figure B.3 used as a recording medium ‘-inch 

{ylar magnetic recording tape. Eight information 
channe!s were recorded on this tape by two recording 
heads each containing four channels. The two heads 
were arranged so that the four channels from one 
head were recorded between the channels of the 
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: : 2. 4, 6, and 8, was designed to op- 
erate with acceierometer transducers and the time 

and had a resistance and inductance 
iv 35 ohms and 130 mh, respectively. 


such a system was minimized by the recording sys- 
tem used. Power to drive the recorder was furnished 
by eight small Yardney silvercels. The high speed of 
the drive motor was reduced to that required for 
driving the tape by a series of pulleys which used O 
rings for drive bolts, also shown in Figure B.3. The 
tape transport mechanism was protected by a phe- 
nolic cylinder surrounded by a heavy steel case. The 
drive motor and silvereels were encased in a potting 
material called lockfoam. 

The direct recording of low power fluctuating di- 
rect currents on magnetic tape was accomplished by 
sing these currents to partially erase prerecorded 
alternating current signals. The procedure was as 
follows: a test tape was prerecorded with an alter- 
nating current of constant frequency and amplitude; 
this prerecorded tape was then transported past the 
recording head while the fluctuating direct current 
was flowing, causing the prerecorded signal to be 
erased in propormion to the current through the re- 
cording head. Each head contained a bias winding 
which was energized by a direct current to a point on 
the hysteresis curve which provided approximately 
near modulation by the recording current. The sys- 
tern. a8 outlined above, would record low power di- 
rect current signals without amplification of any kind. 
Tae frequency response of such a system was de- 
at on two factors: the prerecorded signal fre- 
‘, and the characteristics of the particular re- 
cording circuit. The maximum frequency that could 
be used for prerecording was a function of tape speed 
and recording head gap length. A frequency of 1,250 
cps Was obtained with a tape speed of 3.75 in./sec and 
a recording head gap length of one mil. This was the 
prectical upper limit of the prerecorded frequency 
under the recording conditions listed above. The 
prerecorded frequency imposed a th-eycle rise time 
limitation on the modulating signal, which for 1,250 
cps vielded a rise time of 0.4 msec. The time con- 
Stant of the complete recording system was depend- 
ent on the impedance of the recorder head, trans- 
ducer, and other components in the circuit. The 
etreuit with a large ratio of resistance to inductance 
would have the best frequency response. The time 
constant of the accelerometer and thermocouple cir- 


c 


jasec. Thus, 3.2 msec were required for the record- 


ing current, and nence the signal applied to the tape, 
to reach $0 percent of maximum and 4.17 msec to 


the 
de value as the pate was pes from zero to 
55 bias provided the peak of the alternating voltage 
had been held at the de value. 


B.2.3 Transducers. Time-history measurements 
of specimen acceleration, depth of melting of the 
specitmen’s surface, and temperatures at various 
depths below the surface were made by the instru- 
mented spheres. Table 2.2, In Section 2.4, lists the 
data recorded on each channel of the recorder for &: 
ranges. 

Each instrumented sphere contained two acceler- 
ometers: one measured the acceleration along the 
radial line from the burst point through the specimen, 
and the other measured acceleration, due to the re- 
flected shock, normal to the first but still in the 
plane of the shot tower and the specimen. Statham 
Laboratories Type A5A-1000-50 accelerometers 
were used for all specimens. This instrument was of 
tne unbonded strain gage type and had a range of 
=1,000 grams. The natural frequency was 2,100 eps, 
and it was damped with a silicone fluid (DC-200) to 
§5 percent of critical, Power for the accelerometers 
was supplied by mercury cells. Figure B.7 is a 
schematic showing the manner in which the acceler- 
ometers and mercury cells were connected into the 
recording circuit. Calibration of each accelerometer 
channel was accomplished by introducing given milli- 
volt steps into the recording head and measuring the 
resultant deflection on the play-back oscillograms. 
This information, combined with the calibration fac- 
ior relating grams and millivolts supplied with eacn 
instrument, permitted a calibration curve of grams 
versus millivelts to be drawn for each channel, 

The depth-of-me!t (DOM) transducer was designed 
12 pul Gut a pulse whea the melting of the specimen 
had reached a predetermined depth below the sur- 
tace. It consisted of two conductors insulated from 
each other and installed at the desired depth below 
surface. These conductors were connected in series 
witn a recording channel and battery so that, when 
ihe melting had reached that particular depth, the 
molten metal would complete the circuit and record 
a pulse on the tape. The DOM transducers were 
made from Ceramo thermocouple wire which had the 
conductors encased in ceramic insulation inside a 
stainless steel sheath. Figure B.4 shows the DOM 
transducer and the manner in which it was mounted 
in the specimen. One specimen contained three DOM 
transducers at various depths, connected to a single 
recording channel through an appropriate reststance 
network. The closing of the contacts of each trans- 
Jccer produced a pulse of a distinctive height and 
taus recorded the time at which melting reached that 
Ree Tke only calibration required for a single 
channel was the determination of the polarity of 
the signal produced when the two conductors were 
Calibration of the triplet DOM channel, 
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couple transducers were of the 

t ‘ere also made from the 
Ceramo wire described above. The stainless steel 
sheath and ceramic were cut away from the wires on 
one end for a distance of 0.020 inch, as shown in Fig- 
ure B.4. These wires were then forced into good me- 
chanical and electrical contact with the specimen at 
the particular depth where the temperature measure- 
ment was desired. The method of mounting is also 
shown in Figure B.4. The alumel lead from the 
thermocouple was connected to a relatively massive 
piece of alume! which served as a cold junction and 
was located directly behind the thermocouple instal- 
lation. Figure B.7 indicates the manner in which the 
thermocouples were wired into the recording circuit. 
Calibration of the thermocouple channels was ac- 
complished by accepting the standard chromel-alumel 
thermocouple tables (compiled in 1935 by the Bureau 
of Standards) of millivoits versus temperature and 
establishing the millivolt sensitivity of each channel 
by the method described for the accelerometers. 
Table B.1 presents the depths below the surface of 
the DOM and thermocouple channels. 

The primary timing reference consisted of a 1,000 
eps transistor oscillator which furnished timing in- 
formation that was relatively independent of external 
influences. Figure B.7 contains a wiring diagram of 
the transistor oscillator. Because of the probable 
vulnerability of transistors to neutron bombardment, 
a secondary timing reference was incorporated in the 
specimen. It consisted in recording the output of a 
pulse transformer connected in series with the arma- 
ture of the tape drive motor. Although this furnished 
no independent time base information, it was In- 
stalled to back up the transistor oscillator just after 
time zero when the neutron bombardment occurred. 
In the course of presho: testing, it was noted that the 
pulse timing circuit was sensitive to rapid accelera- 
tions of the specimen. In view of this, it was hoped 
that some additional information, such as shock ar- 
rival time and ground impact time, could be obtained 
from this channe 


B.2.4 Complete Specimen. An exploded cutaway 
view of the complete specimen is shown in Figure 
B.5. The starter assembly shown in this drawing was 
used to start the recorder, connect the bias batteries, 
and apply battery power tc the accelerometers. The 
large accelerations to which the specimen would be 
subjected rendered impossible the use of most stand- 
ard type switches because of their vulnerabllity to 
momentary contact opening. The switching method 
chosen was designed to be reststant to acceleration 
effects, and it consisted of a standard cannon connec- 
ter which was forced and held together with a 
threaded rod driven by a small direct current motor. 
Although the external portion of the starter was 
swept away by the fireball, the remaining part of the 
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TABLE B.1 DEPTHS IN INCHES BELOW 


DEPTH-OF-MELT TRANSDUCER 


WERE LOCATED 


SURF 


Station 58 100 
Measurement Note 1 Note 2 
Independent 0.100 0.146 
Depth-of-Melt 0.200 
Transducers 0.350 
0.500 
Triplet Depth- 0.070 
of-Melt 9.140 
Transducers 0.210 
Thermocouples 


154 20% 259 300 
frote 1 Note 1 Note 1 Note 1 
0.050 0.935 0.015 0.010 
O15 


0.020 0.015 0.010 
0.07% 0.030 0.020 
0.140 0.060 0.040 


Note l, This instrumentation existed on side of specimen only. 
Note 2, Duplicate instrumentation on both side and rear of this specimen. 


threaded rod provided a plug which protected the in- 
terior of the specimen from overpressure and hot 
gases. This design provided a positive action switch 
unaffected by acceleration, and thus eliminated the 
need for holes through the specimen surface for 
electrical conductors of a conventional type switch. 

Figure B.5 also {llustrates the manner in which the 
accelerometers were mounted in the specimen. This 
mounting was designed, first, to make the acceler- 
ometer an Integral part of the specimen, so that it 
would experience the same accelerations, and sec- 
ond, to make the accelerometer easily removable for 
calibration and inspection purposes. Electrical con- 
nection to the accelerometer was accomplished by 
connecting Sealectro Manufacturing Company’s SKT- 
1 teflon socket terminals to the instrument and sup- 
porting them with Eccofoam FP, a foam-in-place 
liquid resin manufactured by Emerson and Cuming, 
Inc. The mating Sealectro plugs (FT-M-2) were 
mounted on a phenolic block and molded into the ac- 
celerometer cavity with Eccofoam, as shown in 
Figure B.6. The Eccofoam served a two-fold pur- 
pose: first, it filled all voids, since it was foamed in 
place with a material which would absorb shock; and 
second, {t gave support to all wiring in the voids into 
which it was molded, as also illustrated in Figure 
B.6. 

The recorder was mounted on the recorder cap 
with a 44~inch disk of lead between the recorder and 
cap to act as a shock absorber. All electrical con- 
nections between the recorder and the sphere were 
mads by a master connector located on the battery 
end of the recorder. This master connector mated 
with its counterpart when the recorder and recorder 
cap were inserted into the sphere. The design of this 
connection was such that when the recorder cap was 
in place and held tightly by its retalning bolts, the 
two halves of the master connector were held tightly 


together. Ortentation of the master connector plug 
and socket was obtained from an indexing pin which 
had to be aligned before the recorder cap would seat 
into the sphere. The specimen was designed to be 
oriented with the recorder cap pointing toward the 
burst point. Thus, the acceleration of the specimen 
from the shock wave would cause the recorder and 
sohere half of the master connector to exert a force 
toward the recorder cap. It was not desirable to have 
the recorder ttself support this load, so a recorder 
jacket was designed to transfer the master connector 
load directly to the recorder cap. The recorder 
jacket was a steel sleeve surrounding the recorder 
and bearing on the master connector and recorder 
cap. as shown in Figure B.6. A secondary function of 
the recorder jacket was to provide an enclosed area 
which would contain the wiring and supporting Ecco- 
foam. 

Power for the accelerometers and depth-of-meit 
transducers was supplied by Type RM-601R mercury 
cells manufactured by the P. R. Mallory Company. 
Lead wires were soldered to the cells, and they were 
packaged in groups of two, end to end, inside a phe- 
nolic tube. Eecofoam was used to fill all the voids 
around the celis and make a solid package which 
could be slipped into the battery mounting holes lo- 
cated between the recorder cap retaining bolt holes, 
as shown in Figure B.5, These battery packs were 
designed to press tightly into the specimen so there 
would be no movement under high accelerations. The 
battery wiring was contained in the shoulder offset 
around the top of the recorder cavity into which all 
of the battery holes had an opening. Wiring from the 
batteries to the switch and from the transducers to 
the master connector was run between the recorder 
jacket and the specimen container wall, and then 
Eccofoam was foamed into this space to support the 
wiring and make the whole assembly solid. 


CONTAINER DAMAGE SUMMARY 


Preshot 
Slant Range 

Actual, Nominal, Diameter, Weight, Weight, 

feet feet inches pounds pounds Observations 

45.3 50 16 584.4 496.3 . 
periphery, recorder cap ex- 
truded, inside sphere indt- 
cates crushing failure. 

97.9 100 12 225 194.8 Small pockmarks, one recorder 
cap retaining bolt missing, 
no apparent cracks. struc- 
turally sound. 

158.9 150 12 225 200.5 No apparent cracks, no retaining 
bolts missing, structurally 
sound, 

205.2 200 12 225 199.8 Struciuraliy sound, 

257.1 250 12 225 202.3 Structurally sound. 

306.4 300 12 225 200.0 Structurally sound. 


A complete wiring diagram of a typical instru- 
mented specimen is presented in Figure B.7. 


B.3 RESULTS 


This section presents only specimen damage re- 
sults as determined from posttest laboratory analy- 
ses of the components and, in general. does not re- 
fleet the actual operating characteristics thereof. 
The time history data which were recorded by the 
spectmens were presented in Section 3.3 of the mais 
report. 

Shot Erie was detonated on the 3ist of May 1956 
and the yield was determined to be 15.5 kt. The high 
level of residual radiation prevented immediate 
specimen recovery; however, 1 instrumented spher 
was recovered 1 week after the shot. All remaining 
instrumented specimens were recovered approxi- 
mately 4 months after the shot. The specimens were 
opened by drilling out the bolts holding the recorder 
cap, by welding a section of pipe onto the cap, and 
then by pulling it from the specimen. This method 
worked satisfactorily for all 12-inch specimens. 

The 16-inch instrumented sphere was recovered 
on the 10th of October. It was cracked around its 
periphery where the two half shells were screwed 
together. An attempt was made to unscrew the out- 
side shelis, but only about a half turn could be made. 
Ultimately, a chisel was used first to prv off a por- 
tion of the cracked peripherv and then to pry apart 
the two hemispheres. 

High temperature and nuclear radiation had caused 
the magnetic tape to become brittle at Stations 50. 
169, and 150. It was impossible to remove the tape 


from the take-up reels of these recorders without 
breaking it into small pieces. The tape at Station 50 
had also been crushed by the phenolic protective 
covers. 

The three remaining tases from Stations 200, 250, 
and 300 were capable of being played back. The Sta- 
tion 200 recorder had stopped upon being engulfed by 
the shock wave. and the tape yielded little informa- 
tion. The Station 250 tape was the only tape to run 
completely through the recorder. Tue high tempera- 
tures experienced by this recorder. however, caused 
the oxide on the magnetic tape to transfer from Its 
normal positic: on the tape to the back of a preceding 
layer on the take-up reel. This transferred oxide 
side was played back along with the normal side and 
the combined information reduced. Some distortions 
of the information were evident, due to the transfer, 
but the information appeared reasonably good. The 
Station 300 tape ran for approximately 6 seconds 
after time zero (the Specimen took approximately 1y, 
seconds to hit the ground). Heat damage to the re- 
cording tape was evident but had only minor effect on 
the recorded information. It is believed that this sta- 
tion yielded reasonably good data. 


B.3.1 Coniainer Damage. A summary of con- 
tainer damage is presented in Table B.2. 

The 16-incr specimen at Station 50 sustained con- 
siderable damage. In addition to 2 weight loss of 88 
pounds, the outside shell was cracked and pock- 
marked, as shown in Figure 3.5 of the main report. 
The inside sphere sustained no meta! loss but was 
eracked and extruded by the pressures and accelera- 
tions. In particular the recorder cap was extruded 
approximately “1, inca into the recorder cavity by the 


This crushing force caused by the overpres-~ 
sure has been calculated to have been in excess of 
185,000 pst and could have been much greater. 

The 12-inch specimen at Station 100 sustained ap- 
proximately 30 pounds metal loss and lost one re- 
corder cap retainer bolt but otherwise experienced 
no serious mechanical damage. The remaining 
specimens, Stations 150 through 300. sustained metal 
loss as |isted in Table B.2, Container Damage Sum- 
mary, but otherwise were structurally unharmed. 

One of the primary container functions was re- 
corder protection. The degree of damage to the 16- 
inch specimen at Station 50 indicated that it did not 
give adequate protection to the recorder. The cracks 
in the outer shell definitely permitted the hot, high 
pressure gases inside the fireball to come in contact 
with the inside sphere. It is possible, but question- 
able, that the cracks in the inner sphere permitted a 
significant quantity of these hot gases to get into the 
recorder cavity. The 12-inch specimens at Stations 
100 through 300 withstood the environmental forces 
at their respective ranges and provided adequate 
structural protection for their recorders. 


B.3.2 | Recorder Damage. The overall damage 


sustained by the North American Instruments re- 
corders at the various ranges is illustrated in Fig- 
ure B.8. The damage spread was from an essentially 
unharmed recorder at the farthest (300-foot) range to 
a compietely disintegrated recorder at the closest 
(50-foot) range. 

Tabie B.3 is a breakdown of component damage 
with respect to the damage mechanism. Since cer- 
tain types of damage are difficult to attribute to par- 
ticular damage mechanisms, the author presents 
Table B.3 with the qualification that it be considered 
as an opinion only, 

Recording Tape. The primary damaging 
mechanism to the Minnesota Mining and Manufactur- 
ing Company Type 120 AM Mylar magnetic recording 
tape was heat. Three shot tapes (Stations 300, 250, 
and 200) were capable of being played back after the 
shot and these tapes showed no appreciable deterio- 
ration of the recorded signals. All three of these 
tapes exhibited beat blocking, which is a transfer of 
oxide from its normal position on the tape to an ad- 
jacent turn of tape on the reel. This heat blocking 
occurs when the 120 AM tape is subjected to tem- 
peratures in the range of 250 to 400F. Prolonged ex- 
posure to these temperatures also causes the tape to 
become brittle. However, the brittleness exhibited by 
the three outermost shot tapes did not materially in- 
terfere with their playback. The remaining three 
shot tapes (Stations 150, 100, and 50} were so brittle 
that they would break tnto little pieces when an ai- 
tempt was made to unwind them from the reels. Nu- 
clear radiation, as well as heat, can cause Mylar 
tape to become brittle, and this may have been a con- 
tributing factor on these three tapes. 
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“ recorder motors were manufac- 

ies. and this company con- 

ts on each motor, after exposure in the 

to evaluate damage. The following is a sum- 
evaluation, 


‘) motor was considered marginal. The re- 
ir tiotors were not operational and showed 
an increase in damage as the exposure range became 
shorter, 

Acceleration was probably the primary damaging 
mechanism, although neutron and heat damage con- 
tributed significantly at the closer ranges. Stations 
50 and 100 motors were 80 badly damaged that they 
could not be dismantled and their components in- 
spected. The manufacturer expressed the opinion 
that it was doubtful whether any motor could be built 
to withstand such treatment. 

Acceleration was responsible for bearing failure 
and sticking brushes on the motors at Stations 150 
and 200. 

Station 150 was the only inspected motor which 
exhibited armature rubbing. This was probably the 
result of the rupturing of the main bearing housing. 
All permanent magnets, which could be tested, 
showed no deterioration in strength. 

Neutron damage was evident in the electrical tn- 
sulation. The tnsulation of the motors at Stations 
150, 200, and 250 failed when 500 volts ac to ground 
were applied. The Station 300 motor passed this test 
but showed a ground at 1,000 volts alternating cur- 
rent. This {s considered normal for this type motor. 

The damage to the commutators of Station 150 and 
200 could probably be attributed to heat. These com- 
mutators exhibited charred insulation, thrown solder, 
and commutator bars which had turned biue from 
heat. The heat which caused the damage could have 
been generated by electrical arcing. 

Tape Transport. In general, the capstan as- 
sembly adequately performed its function of provid- 
ing smooth power to transport the tape. Its major 
failing was expanding of the neoprene rubber tubing 
of the pinch roll, so that it became loose on its metal 
spindle. It is believed that heat was the main cause 
of this damage, since laboratory tests showed that a 
temperature of 400F would cause this type of expan- 
sion. Nuclear radiation could have also contributed 
to the loosening of the neoprene, which was observed 
in varying degrees on all exposed recorders. It is 
the opinton of the author that the reason the recorder 
from Station 300 ran only 6 seconds after time zero 
was because the loose neoprene pinch roll caused it 
to jam, however, this occurred after all significant 
data had been recorded. At Station 250, all the tape 
ran through the recorder, but the neoprene tubing on 
the pinch roli was observed to be loose. 

The Huid clutches of the take-up reels apparently 
operated satisfactorily for the three stations where 
tapes were capable of being played back. The pri- 
mary damage was the increase in viscosity of the 
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sively worse for each closer range. The clutch at 
Station 100 was considered to be too stiff for satis- 
factury Operation. It was also noted that the orienta- 
tion of the clutch was such that acceleration would 
cause the silicone fluid to be driven out from between 
the rotating parts, thus making the clutch ineffective. 


The melamine base plate. which was part of the 
main load carrying structure and which was used as 
thermal insulation berween the main recorder deck 
and the outside case was one of the weaker compo- 
nents in the recorder. It satisfactorily withstood the 
inputs at Stations 300 and 250, only. The primary 
damage was delamination, probably caused by ac- 
celeration and nuclear radiation. The plate at Station 
200 was only partially delaminated, the one at Station 
100 was in poor condition, and the one at Station 50 
was almost completely disintegrated. At the closer 
ranges, Stations 50 and 100, heat was undoubtedly a 
ccentributing factor to the damage of the melamine 
base plate. 


The recording heads appeared essentially undam- 
aged at Stations 250 and 300. The primary damage 
was caused by acceleration which forced the phenolic 
protective cover to compress the recording head 
cases and distort the recarding channels. This com- 
pression was apparent on all recording heads at Sta- 
tions 200, 150, 100, and 50, and increased progres- 
sively as the range decreased. There was also 
damage from the heat to which the heads were sub- 
jected at Stations 50, 100, and 150. This heat caused 
the potting material, supporting each channel in the 
head, te become fluid and run out any opening in the 
head casing, causing the channels to become mis- 


aligned and thereby reducing the recording efficiency. 


It ts the opinion of the author that, after shock ar- 
rival, the heads were useless for recording purposes 
at Stations 150, 100, and 50, and questionable at S:a- 
tion 200. 


The resistors used in the recording circuits for 
attenuation and impedance adjustment were of the 
wire wound type manufactured by the Sprague Elec- 
tric Company under the name of Blue Jackets. Post- 
shat inspection of these resistors from al] the 
spheres indicated that in general the vitreous enamel 
coating on them had melted, but otherwise they were 
in good condition. This melting would have required 
a temperature of 650C and other components in close 
proximity to the resistors indicated that this tem- 
perature had not been reached. An analysis of the 
vitreous enamel! insulation showed that it contained 
from 1 to 10 percent boron. Melting of the vitreous 
enamel coating was therefore attributed to neutron 
bombardment of the boron and its subsequent alpha 
decay. Calculation of the effect of this heating on 
recording, due to resistance changes, indicated that 
the error introduced would be less than 10 percent. 
Although the resistors were not destroyed from an 
operational viewpoint and the neutron damage to the 


vitreous enamel coating, their use in future speci- 


e Wire used {n the North Ameri- 
cen Recorder was of the thermoplastic tvpe. This 
1eid up satisfactorily at Stations 200, 250, 
and 300. There is serious doubt as to its adequacy 
at the remaining three stations. The main causes of 
damage seemed to be heat and nuclear radiation. 
Heat probably was the main cause of the deteriora- 
tion of the insulation at Stations 50, 100. and 150, 
The insuiations at Stations 200, 250, and 300 showed 
discoloration and some brittleness, which could have 
been caused by nuclear radiation. 

The master connector was made of phenolic with 
an asbestos filler, Type AA. This material probably 
stood up better than any other nonmetallic material 
in the entire specimen. It was one of the few com- 
ponents from the recorder at Station 50 which ex- 


_ perienced such minor damage that it could be used 


again. The only noticeable change was a darkening 
of color from heat or nuclear radiation and a slight 
bowing probably due to acceleration. 

The teflon plugs and sockets used to make the 
electrical connections from the recorder to the 
specimen sustained little damage. A color change 
was observed at some of the stations farther out, but 
Station 50 was the only one with any appreciable 
damage. This consisted of swelling which could have 
been due to heat, radiation, or both. 

Transistor Oscillator. Postshot labora- 
tory tests showed that all six oscillators were in- 
operative upon recovery. Here again it should be 
pointed out that the damage results presented below 
are merely those determined by these posttest 
analyses and are not, in general, concerned with the 
operation of the components. Structurally, the oscil- 
lators at Stations 50 and 100 were almost completely 
destroyed by heat and, consequently, no shock dam- 
age could be observed. Heat damage to the oscilla- 
tors from Stations 150 through 300 varied from me- 
dium to light and in only two cases, Stations 200 and 
250, was there conclusive evidence of shock damage. 
This damage was manifested at Station 250 as a 
severe crack in the plastic potting material; the two 
portions of the oscillator were held together only by 
the internal wires and components. At Station 200 the 
potting material was also cracked although not as 
severely. The various components of the oscillators 
were removed, with some difficulty, from the potting 
material and individual tests were performed to as- 
certain the damage sustained by each component. 
The results of these tests are discussed below. 

The transistors used in the oscillator were Type 
CK-722, All the transistors successfully removed 
from the potting material were tnoperative. The 
emitter and collector junctions of the Station 300 
transistors were severely degraded and showed 
rectification ratios of only three or four. Transistors 
from Stations 100 and 150 exhibited visible evidence 
of high temperature exposure; on the other hand, 
those from Stations 200, 250, and 300 hed evidently 


not been exposed to such high temperatures. O- 
serv apts damuge sustained by the transistors ¥ 
the type that could have been caused by heat, nuciesar 
radiation, or both. 

Capacitors used in the oscillator were of the cs- 
ramic disk type. No capacitor data was obtained 
rom Station 50 because of the extensive heat damage 
and from Station 100 because of an open cireuit. At 
the remaining stations, 150, 200, 250, and 300, the 
disk capacltors were in operational condition and ap- 
parently unharmed. 

Transformers used in the oscillators were of the 
subminiature type especially designed for transistor 
circuits. Transformers in the oscillators at Stations 
50 and 100 were found to be inoperative after the test 
because of the extensive heat damage. Posttest 
measurements on the transformers at Stations 150, 
200, and 250 showed that the primary windings were 
essentially unharmed and that the secondary windings 
had open circuits. The transformer at Station 150 
showed evidence of minor heat damage. The Station 
300 transformer was essentially unharmed by the 
test. 

Carbon resistors used in the oscillator apparently 
suffered no physical damage or resistance changes 
at Stations 100 through 300. No data was obtained 
from the Station 50 oscillator. Resistors from Sta- 
tions 100, 200, and 300 were checked and found to oe 
good after the test; and, although Stations 150 and 250 
resistors were broken during the process of removal 
from the potting material, they appeared physically 
unharmed. 

Batteries. Primary damage mechanism of the 
silvercel was heat. Laboratory tests showed that the 
silvercel cases were deformed when the cell was 
heated to approximately 250F for 15 minutes. The 
electralyre boiled at about the same temperature. 
The ceils were further tested by heating them from 
360 to 350F for about 40 minutes. This resulted in 
severe damage, which completely ruined the cells as 
2 source of electrical power. The damage level of 
this second test closely approximated that at Station 
200 and was not much worse than the damage ob- 
served at Stations 250 and 300. The silvercels at 
Stations 150, 100, and 50 were damaged to such an 
extent by the heat that they were almost unrecogniz- 
able. Because of the severe heat damage, the extent 
of the acceleration and nuclear radiation damage 
could oniy be estimated. 

Mercury cells apparently were physically un- 
harmed at Stations 250 and 300. The effects of ra- 
diation and heat at these stations are unknown. At 
Station 200 the mercury cell in the battery container 
used as bias supply was badly damaged. The inside 
portion was pushed out from the bottom of the stee! 
case approximately '4 inch. This type of damage 
probably was caused by nuclear radiation or hear, 
which built up an internal pressure and thereby 
torced the inside of the cell out, for it is doubtful 
that the acceleration could have brought this about. 
Another verification of the internal pressure theory 
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> the mercury celis 


: n hey were located in 


shane enclosed 


. openings for the 


the accelerome- 


wires which c 
ers. Postenec inspection of the specimens exposed 
at Stations 59 and 150 resulted in the discovery of 
holes in the sides of the mercury cell cases adjacent 
to the openings through which had passed the con- 


nacting wires from the cells. Around the edges of 
these holes jagged meta! from the mereury cells 
protruded, indicating that the holes were the result 
of internal pressure. The mercury bias cell in the 
recorder at Station 150 was completely disintegrated 
irom heat or radiation. 

Container and Mounting. The main sup- 
porting deck of the recorder was essentially undam- 
aged at Stations 296, 250, and 300. Acceleration 
loading, which was the only mechanism to damage the 
main supporting deck, caused the deck to dish in ap- 
proximately 4.,, inch at Station 150, '4 inch at Statton 
190, and *4 inch at Station 50. The total damage at 
Station 150 was relatively minor, but the deck was 
definitely damaged beyond repair at Station 50. 

The phenolic protective cover was essentially un- 
damaged at S:ations 259 and 300. The primary dam- 
age mechanism was acceleration loading. The Sta- 
tion 200 cover showed some cracks, but the damage 
was minor, The covers at Stations 150 and 100, how- 
ever, showed extensive cracking and chipping of the 
phenolic but they were still in one piece. The cover 
at Station 50 was broken into many pieces, closely 
resembling charcoal in appearance, indicating ex- 
tensive heat damage. The effects of heat, and pos- 
sidly radiation, were aiso noticeable at Station 100 

nd to a lesser degree at Station 150 in the form ofa 
2nd some Ddlistering. 

Damage to the steel protective cover was probably 
due exclusively to the acceleration loading, Stations 
250 and 300 covers were undamaged, and the only 
damage sustained by the covers of Stations 150 and 
220 was a slight dishing in of the top where they were 
bearing on the lead disk shock absorber. The top of 
the cover at Station 160 was dished in approximately 
1, inch, and most of the bolts holding the main sup- 
porting deck to the steel protective cover were 
sheared. The cover was badly damaged at Station 
50, its top Was separated from the cylindrical por- 
tion and bad!y dished. The cylinder was bowed out in 
& Manner wh indicated that it hed been subjected 
to an axial load greater than it could support. Some 
portions of the cover were discolored from heat and 
some Were covered with molten lead. 

The lead cizk used as a shock absorber for the 
recorder was essentially undamaged at Station 300. 
Station 250 snowed some extrusion of the lead around 
tne mounting holes, due to acceleration, as well as a 
few places where the heat had caused the lead to 
Extrusion by acceleration was evident at Sta- 
tlon 200, along with extensive melting caused by the 
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OK, No damage 
L, Light Damage (Operational) 


heat. Extrusion effects caused by the acceleration 
were obliterated by the extensive melting at Station 
150, and the lead had been completely melted at Sta- 
tions 50 and 100. 


B.3,3 Transducer Damage. Transducers used in 


the instrumented spheres can be divided into two 
divisions: accelerometers, and thermocouple type 
transducers which include thermocouples and depth- 
of-melt instruments. 

Accelerometers. Damage to the Statham ac- 
celerometers ranged from essentially unharmed in- 
struments at Stations 250 and 300 to heavily damaged 
instruments at Stations 50 and 100. Table B.4 breaks 
down the accelerometer damage according to mecha- 
nism and exposure range. 

The heavy acceleration damage experienced by Sta- 
tions 30, 100, and 150 accelerometers consisted of 
deformed cases, broken electrical insulators, de- 
formed strain wire supports, and sheared bolts which 
held the back plate in place. The normal acceler- 
ometers at Stations 50 and 100 were permanently 
bent along their wide axis, and this bending could 
have been caused only by the large accelerations ex- 
perienced by the specimens. The main supporting 
lugs of the radial accelerometers, which were loaded 
in shear, showed no evidence of failure. The radial 
accelerometer at Station 200 sustained light accel- 
eration damage in the form of one broken insulator. 
The normal accelerometer at Station 200 and both 
accelerometers at Stations 250 and 300 showed no 
evidence of any damage caused by acceleration. 

Heat damage to the accelerometers in the form of 
melted solder (causing electrical circuits to become 
open or shorted) and charred components such as 
wire insulation and resistors was evident from Sta- 


M, Medium Damage (Not operational) 
H, Heavy Damage (Not operational) 


tion 50 through 360 as noted in Table B.4. Charring 

of components was the principle heat damage mecha- 
nism at Stations 50, 100, and 150, and melting solder 
was the predominant mechanism at Stations 200, 250, 
and 306. It should be noted that the heat damage was 

probably a delayed effect, since the peak temperature 
was not reached until some time after the specimen 

was in the ground, and therefore would not have pre- 
vented the instrument from functioning normally dur- 
ing the period of interest. 


Thermocoupies and Depth-of-Melt. In 
general, the thermocouples and depth-of-melt trans- 
ducers sustained no unexpected damage. The metal 
loss of the specimens in the vicinity of the trans- 
ducers was generally greater than the thickness of 
the diaphragm behind which the transducer was lo- 
cated for the ceramo end was visible on many spect- 
mens. At Stations 200, 250, and 300, the magnesium 
oxide insulation was apparently unharmed, and the 
chromel-alumel wires were {n good condition on 
most of the transducers. Most of the transducers on 
the specimens at Stations 50, 100, and 150 were ob- 


ial, but the ones which could 
> in roasonably good con- 


A total of 10 time-history curves, recorded inside 
the firebal., is presented in Section 3.3 of the main 
report. These consist of two acceleration and three 
temperature time-history curves each from Stations 
250 and 300. The accuracy and reliability of the data 
from Station 250 were materially reduced by the hea: 
biocking sustained by the recording tape. The data 
collected by Station 300 was also impaired by heat 
damage to the recording tape but to a lesser degree. 

Although these data have a relatively low accuracy 
and reliability compared to data collected under less 
severe environmental conditions, there is general 
overall consistency and reasonable correlation with 
some known values, such as shock arrival time. 


B.4.1 Damage Mechanism. Table B.5 presents a 
summary of the damage sustained by the major com- 
sonents of the instrumented spheres in Operation 
Redwing. The table separates the damage according 
to heat, acceleration loading, and nuclear radiation, 
as well as according to range within these general 
Gamage mechanisms. Overpressure crushing was 
not listed, since it was only significant on the 16- 
inch specimen at the 50-foot range. 

Heat damage was most significant on the recorder 
and recording tape and to a lesser degree on the 
transistor oscillators and accelerometers as indi- 
cated in Table B.5. Since it is improbable that neu- 
tron heating contributed significantly to the total heat 
input of the specimen, with the possible exception of 
the 50-foot station, the heat damage would not have 
occurred until well after the specimen had completed 
its recording and was in the ground. Table B.5, 
tnerefore, contains a Total Damage column as well 
as 2 Total Prompt Damage column. It should be 
noted, however, that the existence of damage to the 
recording tape is significant, rather than the time at 
which the damage was sustained. 

Acceleration damage was significant on the re- 
corder, accelerometers, and transistor oscillators. 
Figure B. illustrates the type of damage sustained 
bv the recorder and accelerometers. Analysis of this 
damage, along with the determination of the static 
strength of the various damaged components, yielded 
maximum and minimum values for the acceleration 
waoich caused the damage. Figure B.9 explains the 
raanner {n which the acceleration damage values were 
calculated and presents these maximum and mint- 
vam values for each instrumented sphere. It should 
noted that the peak accelerations listed in this 
refer to the specimen proper. The recorder 
“ have experienced a significantly lower peak ac- 
eration, since it was supported on a lead sheet, 
ch, through extrusion, would have reduced the 
peas acceiaracion. A good example of this is the Sta- 
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tion 100 specimen whic? 

experienced 2 pe c¢ : ssween 82,000 and 
55,000 grams, however, the recorder case which 
buckles at 24,000 grams showed no sign of faflure. 

Nuclear radiation damage was evident on the re- 
corder, acceleromaters. transistor oscillator, and 
recording tape as listed {n Table B.5. Because of the 
difficulty in separating nuclear radiation damage 
from other damage mechanisms, the component dam- 
age listed in Table B.5 should be considered only as 
the autbor’s bes: estimate. 

Prior to this test, one of the big unknown factors in 
electrical recording within the fireball was the pos- 
sible effect on the recording system of the electro- 
magnetic energy released by the detonation. Inspec- 
tion of the recorded signals in the vicinity of time 
zero at Stations 200, 250, and 300 showed, in general, 
little disturbance on the accelerometer and thermo- 
couple channels. The depth-of-melt and motor timing 
channels showed definite time zero disturbances, but 
these were of such smali amplitude that they caused 
no recording circuit damage. It is evident, therefore, 
that under similar exposure conditions the electro- 
magnetic enerzy from a detonation comparable to 
Shot Erie would not seriously damage electrical re- 
cording specimens similar to those used on Redwing 
at slant ranges beyond 200 feet. 


soe Daile 


B.4.2 System Evaluation. The Operation Red- 
wing test showed that it is feasible to record data 
electrically inside the flreball of a nuclear detona- 
tion with a system similar to that used on Operation 
Redwing. It is believed that there are no insurmount- 
able obstacles to recording data with an improved 
system of this type at slant ranges in the vicinity of 
150 feet for device yields comparable to Shot Erie. 

The following is an evaluation of each component in 
the system: 


Container «Specimen Body) 

1. The containers at Stations 100 through 300 
structurally withstood the fireball environment. 

2. The Station 50 container did not give adequate 
structural protection to the recording system. 

8. All six containers provided inadequate thermal 
protection for their recorders. 

4. It is evident that the containers at Stations 200, 
250, and 300 provided adequate electromagnetic 
shielding for their respective recording systems. 


Recorder 

1. Assuming that heat damage was not a prompt 
mechanism, the NAR recorder (exclusive of record- 
ing tape) operated satisfactorily at Stations 250 and 
300. 

2. Acceleration effects were the most [mportant 
reason the recorder at Station 200 did not operate 
satisfactorily. 

3. Acceleration and nuclear radiation were the 
major reasons the recorders failed at Stations 50, 
100, and 150. Neutron heating, a prompt mechanism, 
may have been important at Station 50. 
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TABLE B.5) DAMAGE MECHANISM SUMMARY 


Acceleration Nuclear Total 
System : Loading Radiation Damage 


Component 


Container 


Recorder 


_Tape 


| Oscillator 


Recording 


Transistor 


Total Prompt 
Damage * 
Station 


AcceLerometer 


Thermocouple & 
Depth-of-Melt 


X — Not Operational 
Blank - Opsrational 
# ~ Danaged Before Or During Shock Ingulfment 


i380 ex- 


signifi- 


4. The recording tape at Stations 250 and 
peciencad heat damage tu the extent that it 
cantly reduced the accuracy and reliability of 
data. 


+“ 


he 


Transistor Osclilator 
. It is highly probable that none of the six tran- 
sistor oSclllators operated completely through the 
period of tnterest. 

2. Two oscillators, Stations 200 and 255, operated 
through time zero and stopped at shock arrival. 

3. The Station 300 oscillator stopped at time zero. 

Transducers 

1. The accelerometers used in this system op- 
erated satisfactorily at Stations 250 and 300 but no: 
at the closer stations. 

2. In general, this type of accelerometer was un- 
satisfactory for measurements of this nature because 
of its low electrical output and the viscosity changes 
of the silicone damping fluid caused by the neutron 
bombardment. 

3. The thermocouple and depth-of-melt transduc- 
ers mechanically withstood the environment of their 
respective stations and operated satisfactorily at the 
stations from which data were obtained. It is pos- 
sible that the thermocouple channels may have had 
intermittent contact with their diaphragms during the 
period of interest. 


B.4.3 System Improvement. Since the Operation 
Redwing test was one of the first attempts to record 
data electrically within the fireball of a nuclear deto- 
nation, it follows that the system used was neces- 
sarily a first approximation to the problem. Although 
the Operation Redwing system achieved only moder- 
ate success {n the recording of data, {t provided an 
appreciation of the type and magnitude of the prob- 
lems encountered fn such data collection, which could 
be obtained in no other manner. The important madi- 
fications of the Operation Redwing system. as indi- 
cated from Operation Redwing experience, are dis-~ 
cussed in the following paragraphs. 

The Operation Redwing containers could be im- 
proved in two ways: (1) give more thermal protec- 
tion to the recorder, and (2) provide a better method 
of reducing the peak acceleration experienced by the 
recorder, The thermal protection of the recorder 
could be improved by covering the outside of the con- 
tainer with some heat resistant material such as 
phenolic resin. The recorder could be further pro- 
tected from the heat by surrounding it with a low heat 
conductive material inside the container. These two 
improvements would materially decrease the heat 
probiems in future container designs. The accelera- 
tion of the whole specimen, assuming it is approxi- 
mately the size and shape of the Operation Redwing 
specimens, is determined by the slant range and de- 
vice yield of the particular exposure. Since the 
specimen acceleration cannot be reduced. the aniv 
way the peak acceleration experienced by the re- 
corder can be reduced is to allow relative motion 
between the recorder and the specimen. Tnis move- 


accelerating the re- 

< constant rate. Thus, 
velocity of the specimen 

ge, damaging, peak ac- 


an Miniature recorder 

(N AR) was not 1 designed for recording in the extreme 
environment of the HEE bali, it had some components 
wich would no: withstand the inputs associated with 
this type of recording. It is, therefore, suggested 
that future attempts at recording within the fireball 
should be made with a re Gerioe specifically designed 
for this type of recording. Table B.3, Recorder 
Damage Summary, indicates the areas where im- 
provements in a new recorder design could be made. 
This table indicates that the major portion of the 
damage at Stations 150, 200, 250, and 300 was due to 
heat and acceleration. An improved container design 
could reduce these damage mechanisms, leaving nu- 
clear radiation as the only mechanism which cannot 
be substantially reduced. Selection of proper mate- 
rials in designing an imcroved recorder could prob- 
ably reduce this damage to the point where success- 
fu: recording at 150 feet from a shot of comparable 
yield would be feasible. An increased frequency re- 
sponse should be a design requirement for such an 
improved recorder, and a temperature resistant re- 
cording tape should be used for all future tests. A 
ransistor oscillator, properly shock mounted, ther- 
mally insulated, and using radiation resistant tran- 
Brstors) may be capable of stenlsbing time base in- 


‘a different tiype of accisnoniaee from that used 
on Operation Redwing should be used in future tests. 
This accelerometer should operate on direct current, 
have a relatively high electrical output, high fre- 
quency response. and should not use s{licone fluld as 
a camping medium. The only modification suggested 
for the thermocouple transducer is an improved 
mount to preven: possible intermittent contacts. 
Since depth-of-melt transducers do not yield as much 
information as thermocouples, it is suggested that 
only thermocoupies be installed for this type of in- 
formation. 

Ii the above improvements were made in a future 
recording system, it should be capable of recording 
data at slant ranges in the vicinity of 150 feet on 
yields comparable to Shot Erie. 


B.5 CONCLUSIONS AND RECOMMENDATIONS 


-l Conclusions 


va 
en 


l. The Operation Redwing test has shown that it 
is feasible to record data electrically inside the fire- 
ball of a nuciear detonation with 2 system similar to 
that used on Operation Aedwing. 

2. An electrical recording system similar to that 
used by Project 5.9 in Operation Redwing and with 
improvements indicated by Operation Redwing ex- 


perience showid be capable of recording data at slant 


rang’s tn the vicinity of 130 feet en vields compara- 


3. The containers gave adequate structural pro- 
tection for the recording system at all stations ex- 
cent Statton 50. 

4. Adequate electromagnetic shielding was pro- 
vided by the containers for slant ranges of at least 
200 feet. 

§. All six containers provided Inadequate thermal 
provection for their recorders. 

6. Exclusive of recording tape, the North Ameri- 
can recorder operated satisfactorily at Stations 250 
and 300 and the remaining recorders failed because 
of acceleration and nuclear radiation effects. 

7. The recording tape experienced heat and nu- 
clear radiation damage of varying degrees in all 
specimens; however, data were obtained from the 
tapes at Stations 200, 250, and 300. 

8. With adequate precautions, transistor oscilla- 
tors may be capable of operation within the fireball 
of a nuclear detonation in a specimen of the Opera- 
tion Redwing type. 

9. Reliable and accurate temperature measure- 
ments using thermocouples should be feasible within 
the fireball of a nuclear detonation emploving the 
method used in the Operation Redwing test. 

10. The accelerometers used in the Operation 
Redwing specimens were unsatisfactory for meas- 
urements of this type. 


It is recommended 


Gatlons. 


vr near the firebal! of a nuclear 
the use of an electrical recording 
<9 the Operation Redwing system for 


imifaz 


data collection. 
2, In future designs the thermal characteristics of 
ter be toiproved to give more thermal pro- 


tection to tne recorder. 


3. In future designs the acceleration experienced 
by the recorder should be reduced by some method, 
such as allowing relative moment between the speci- 
men and the recorder. 


fireball should be made with a recorder specifi- 
cally designed for this type of recording. 


4. Future attempts to electrically record within 


5. Temperature resistant magnetic recording tape 
should be used for ail future magnetic data recording 
within the fireball. 

6. Thermocouples should be used as transducers 
for temperature measurements similar to those 
made within the fireball of Shot Erie by Project 5.9 
on Operation Redwing. 

7. For acceleration measurements in future tests 
similar to Project 5.9, only accelerometers specif- 
ically designed for their function should be employed. 
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Figure B.1 Twelve-inch instrumented sphere container. 
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Figure B,4 Design and installation of thermocouple and depth-of-melt transducers. 
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Figure B.7 Schematic wiring diagram of a typical 12-inch instrumented sphere. 
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ASSUMING ACGELEROMETER CASE TO BE A SHORT CANTILZVER Beam ai TX 
POINT LOADS (WEIGHT OF CCMPONENTS & EITENDES PORTION OF Cast 
ACTING THROUGH THEIR RESPECTIVE CENTROIOS|, STATIC ANALYSIS THty 
YIELDS A MINIMUM VALUE OF 55,000 G'S +20% REQUIRED TC PEAHANENTLY 


BEND THE CASE. 
PERMANENT CASE BENDING — 
REQUIRES 55,000 G'S = 20%. 
. NORMAL 
1/8" LEAD SHOCK ABSORBER PLATE S/N 7 ee ACCELEROMETER 


INERTIA OF ACCELEROMETER TENDS TO 
MAKS IT REMAIN STATIONARY WHILE THE 
MOUNTING RING ACCELERATES IN A DIREC- 
TION FARALLEL TO THE BLAST, THUS IT 
WOULD CAUSE BENDING OF THE NORMAL 
ACCELEROMETER'S CASE AND SHEARING OF 
THE RADIAL ACCELEROMETER'S MOUNTS. 


STATIC ANALYSIS OF ACCELERATION 
REQUIRED TO EXTRUDE LEAD PLATE AT 
RECORDER CASE TOP YLELDS A MINIMUM 
VALUE OF 1,800 G's 10%. 


LEAD PLATE 
SHOWING EXTRUSION 


ACCELEROMETER 
MOUNTING RING 


BUCKLED RECORDER CASE MOUNTS WILL SHEAR 


REQUIRED 24,000 G'S +10%. AT 82,000 G'S +108. 
ASSUMING RECORDER CASE TO BE A TATIC ANALYSIS OF THE ACCELERATION REQUIRED 
SHOR? THIN-WALLED CYLINDER IN TO SHEAR ACCELEROMETER MOUNT (DOUBLE SHEAR) 
COMPRESSION, WITH A PLATE FIRMLY YIELDED A MINIMUM VALUE OF 82,000 G'S+10%. 


ATTACHED TO CNE END; STATIC ANALYSIS 
OF THE ACCELERATION REQUIRED TO 
BUCKLE THE CASE YIELDS A MINIMUM 
VALUE OF 24,000 G'S +108. 


[ESTIMATED SPECIMEN ACCELERATION 
STA, 
SPECIMEN STATIONS IN FT. he 
ACCELEROMETER MOUNT SHEARED | 150 
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RECORDER CASE BUCKLED 250 
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Figure B.9 Recorder and accelerometer acceleration damage. 


Appendix C 
VELOCITY-DISTANCE /[MPACT GASSES 


C.1 OBJECTIVE 


The ultimate objective of the velocity-distance in- 
strumentation was the obtaining of a plot of actual 
specimen velocity versus specimen traveled distance 
from which a specimen acceleration versus time plot 
could be derived by the method presented in Section 
C.2.5, 


C.2 PROCEDURE 


The manner by which the velocity versus distance 
data were obtained involved the use of impact gages. 
The gage was a device for measuring the relative ve- 
locity, at the time of contact, between the impact 
block and the plunger. It was an energy absorbing in- 
strument based upon the empirical fact that, when a 
freely Supported hardened steel plunger penetrates a 
soft aluminum block. the penetration is some function 
the change in kinetic energy of the plunger, The 
instrument consisted of a soft metallic impact block 
and a steel tube, which were integral parts of the test 
specimen, and a aardened steel plunger which rested 
freely in the tube at a preset distance from the impact 
block. As the specimen accelerated in a direction 
parallel to the axis of the tube, the specimen, the im- 
pact block. and the tube moved; however, the plunger. 
due to its inertia, was assumed to remain stationary. 
After the 8pecimen had moved a distance equal to the 
initial distance between the block and plunger, the 
plunger would contact the block and be accelerated 
until it reached the same velocity as the specimen. 
The force required to accelerate the plunger would 
cause it to penetrate the soft target block, and the 
magnitude of penetration was an indication of the 
change in velocity of the plunger. The degree of pene- 
tration, however, wag not only a measure of the ve- 
toeity af the target block at impact, but also a meas- 
ure of the acceleration of the target block during 
penetration, To obtain velocity versus distance data. 
plungers were set at various initial distances from 
the target biock and the depths of penetration were 


at 
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measured. These penetrations were then compared to 
the calibration data and a so-called calibration ve- 
locity, which was that velocity required to yield the 
same penetration, was determined. Since the calibra- 
tion was performed with zero acceleration on the tar- 
get block, these calibration velocities then had to be 
corrected to eliminate the effects of the acceleration 
during penetration. Figure C.1 is a sketch of a speci- 
men with seven plungers, each set at a different dis- 
tance from the block. 


C.2.1 Theory. This section is intended to present 
the theory involved in determining the true velocity 
versus distance data from test data which contains the 
effects of acceleration during penetration in addition 
to the impact velocity effects. To facilitate discus- 
sion, it is desirable to establish the nomenclature 
listed in Tabie C.1. 

The depth of penetration is related to the displace- 
ment of the specimen and plunger by the following 
relationship: 


6= X,- X,+ const. {C.1) 
where the constant generalizes the equation for any 
reference plane, Differentiating Equation C.1 with 
respect to time gives relationships involving velocity 
and acceleration. 


b= X,- X,, (C.2) 


and 


(C.3) 


From the calibration data, it is possible with cer- 
tain assumot to write an explicit expression of 
force as a function of penetration (Section C.2.2). 
Since this is tne only force acting on the plunger 
(neglecting friction), one bas Xp = F(6)/mp. Rewriting 
Equation C.3 and using the above expression, 


” 


FS} 


mH - 


(C.4) 


6+ oxy 


_ Fal -— 


to 


TABLE C1 NOMENCLATURE 


coefficient of drag 


Cy 

EF instantaneous force on the plunger during 
penetration 

F average force on the plunger during penetration 

P force on specimen 

Si normalized displacement 

¥. velocity indicated by calibration data for a given 
depth of penetration 

Vv. normalized velocity 

V; actual velocity of specimen at the time of contact 


with the plunger 
X, displacement of specimen 
X,  dX,/dt velocity of specimen 
Xe @x,/at? acceleration of specimen 
Xo displacement of plunger 
Xp aXp/dt velocity of plunger 
Xx dX, /dt? acceleration of plunger 


& depth of penetration of plunger into the target 
block 

6 dé/dt velocity of penetration 

é d’6/ar? time rate of change of velocity of penetra- 
tion 

a projected frontal area 

k velocity constant 


ky scaling factor 
mp, mass of plunger 
m, mass of specimen 


n exponential velocity constant 
q dynamic pressure 
w, weight of specimen 


Integrating Equation C.4 with respect to 6 between the 
limits of zero and maximum penetration (Omax), 


ah 6 , 4 

TRAN ae max Pia) Omax |, feat 
if bdé -{ ps dai = , Xd. {C.d) 

a G Mp 


) 
An energy balance on the plunger, neglecting minor 
effects. shows that 


émax { 2 
{ Fié)d = “Am Ve. (C.6) 
0 


Consequently Equation C.5 becomes 


v2 Sman a 
ve =| X,d6. (C.7) 


21, : 0 


Substituting the limits into Equation C.7 and noting 
that (dé /dt)s.,, = Oand that (d6é/dt)6y = V9, one has 


gel mae 


12 v2 bmnax ie 
~ Ts Ze- [ X,d6, (c.8) 
ae mare § 


whico is equivalent to 


Smax |. 
vievi-2[  X,d6. (C9) 
i] 


2 gives a relationshio between the 
ves wont specimen (Vy) at the time of contact 
with the olunger, the indicated impact velocity or 

ion velocity (Ve) as determined from the 
amount of oenetration 6.,, and the acceleration X, 

on thé specimen during the time the plunger is pene- 
trating. Consequently, it can be seen that, if there is 
anv gporeciable acceleration, Xe on the specimen, the 
ea velocity will not equal the velocity of the 
specimen at the time of contact but must be corrected 
by an amount equal to the last term on the right side 
of Equation C.9. 


C.2.2 Calibration. Calibration of the impact 
gages was completed for impact velocities from 20 to 
300 ft/sec. This range was covered using four differ- 
ent plunger diameters varying from 0.105 to 0.404 inch 
in diameter and machined as shown in Figure C.2. 
The impact blocks for this calibration were made of 
2$ aluminum ‘4 and 1 inch thick by % inch in diameter 
and held in a steel] fixture, shown in Figure C.3, which 
allowed omy unidirectional deformation of the blocks. 

For the calibration, the impact blocks were held 
stationary and the plungers shot into them. The 
plungers were fired in a tube using a modified 12-gage 
shotgun shell with the shot replaced by wadding, and 
the velocity was varied by using various amounts of 
gun powder in the shells. The velocity of each plunger 
was determined by measuring the time required for 
the plunger to travel over a 6-inch-gage distance 
located close to the impact block. This was accom- 
piished ov using two small light rays impinging on 
photocells which were used to start and stop an elec- 
tronic timer. Figure C.4 is an overall photograph of 
the calibration equipment. The light source and 
photocells can be seen in the figure. The light rays 
were directed across the tube and into the path of the 
plunger so that as the plunger traveled along the tube 
it interrupted the first ray starting the timer and then 
the second ray which stopped the timer. The timer. 
therefore, recorded the time required for the plunger 
to travel the distance between the light rays. The 
distance between the rays divided by the time was the 
velocity of the plunger. 

Special care was exercised to ensure that all of the 
aluminum blocks were held in the fixture with the 
same degree of confinement. 

Figure C.5 is a plot of the penetration as a function 
of plunger velocity for '4-inch-thick target blocks, 
and Figure C.6 for l-inch-thick blocks. As can be 
seen from the log-log plots, the data are represented 
ds a straight line of the form, 


Ve = kd" (C.10) 


Equations of these straight lines are given in Table 
Cre. 

The selection of the proper material for the impact 
dlock, as well as the weight and diameter of the plung- 
ers, was also part of the calibration. A plunger weight 
of approximately 0.2 pound was chosen. then various 


TABLE C.2 EQUATIONS OF PENETRATION 


AS A FONCTION OF 2 LVNGER VELOCITY 


Plunger diameter, Plunger weighi, Impact block thickness, Equation, 
inches . pounds inches Ve = kom 
0.105 0.1932 uy Vo = 193 6°58 
0.155 0.1948 yy, V, = 261 6°36 
0.252 0.1992 i, Vo = 413 628? 
0.404 0.2097 va Ve = 745 6° BT 
0.105 0.1932 i V, = 197 69-58 
0.155 0.1948 1 Ve = 277.0 
0.252 0.1992 1 Vo = 426 69-588 
0.404 0.2097 1 Vo = 695 60-87 

me is in ft/sec; 6 is in inches. 
alloys of aluminum and steel were tested, using 4 5e- Fidnay = 72 migk Oo, + (2n—1) 72 mpk6 muse 


lected range of plunger diameters to determine which 

combination would produce penetrations between 0,10 

and 0.30 incn for velocities from 50 to 300 ft/sec. 

The 28 aluminum impact blocks with plunger diameter 
from 0.1 to 0.4 inch were selected on the basis of the 

above requirements. 

From the calibration data it is possible, assuming 
that the force on the plunger is a function only of the 
penetration, to obtain a relationship between the force 
and the amount of penetration. The above assumption 
igs not necessarily correct since the force could also 
be a function of the rate of penetration in a manner 
similar to the increase in the yield stress of a ma- 
terials test specimen with increased rates of loading. 
It is believed, however, that over the range of veloci- 
ties encountered, this dependence would be smal! and 
nas been neglected. From the calibration data there- 
sore, 


Vo = 12k6" 
V. = in/sec 


Fomax = % m,Ve 
Fomax = 72 mpkOnax 


F = 72 mpk*6max. (C.1) 


> 


Smax _ 
f F(5)d5 = Fo nay 


a 


-omax . 
dj, F(6)d65 — d(Fémay) 
do max a6 max 


(C.12} 


and gudstiniting from Equation C.11, 
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F(dmax) = (1 + 20-1) 72 myk*6max 


2n-1 


F(&max) = 144 mk*s (C.13) 


: n= constant frim Table C.2, 

k = constant from Table C.2, 
mp = mass of plunger (lb-sec?/in.), 

F(émax) = force on plunger at maximum penetration 

(ib), 
6 = penetration ({in.) 

Now, since it has been assumed that the force on 
the plunger is a function of penetration (6) only, then 
the forces at maximum penetration are merely indi- 
vidual points on a more general curve of force versus 
penetration and this general curve is identical with 
the plot of Equation C.13. Thus, the assumption 
amounts to the same as the statement 

F(6max) = FS) (C.14) 

Equation C.14 states that the force on the plunger at 
any point along its penetration is the same as that 
which would have acted on the plunger at that point 
bad the plunger contacted the target block with a 
lower impact velocity and had its maximum penetra- 
tion at the point under discussion. Comparing Equa- 
tions C.13 with C.11, it is noted that 

Flomax) = 20F, (C.15) 
which shows that the force at maximum penetration is 
a constant times the average force during penetration. 
Since nis greater than ‘4, the force during penetra- 
tion is continually increasing, as would be expected 
under the initial assumption of the discussion. 

Equation C.13 is the force-penetration relationship 
referred to in Section C.2.1 and is used to solve Equa- 
tion C.4. 


C.2.3 Design Conditions. Since the container 
housing the aluminum blocks and plungers, called the 
insert, was completely enclosed by the specimen, it 
required no additional protection from the hot gases. 


However, it had tc withstand the crushing effect and 
acreleration forces; therefore, the inserts at the 25- 
and 50-foot ranges were made of hardened too) steel. 
All other inserts were made of mild carbon steel. 


C.2.4 Prediction of Velocity versus Distance 
Curves. It was necessary to estimate the velocity- 
distance curve for each specimen to select the proper 
size plungers for the various specimens. The follow-~ 
ing method was used for this estimation. 

The acceleration of the specimen {s given by the 


following equation: 


i, = £o889 (C. 16) 
Ws 
and 
: Veg g t 
X= f Hae-E cya fate. (.17) 
0 Ws 0 
also 
(C.18) 


g tpt 
xX,;=- cea ff qdtdt. 
Ws 00 


The above equations assume that: (1) Cg is constant 
for any one specimen, (2) the specimen velocity is 
low in comparison to the particle velocity of the shock 
wave, and (3) the impulse imparted to the specimen 
by the diffraction of the shock wave was negligible. 
Time-history dynamic-pressure curves were ob- 
tained from Problem ‘*M* for a 20 kt device at ranges 
of 350, 400, and 450 feet. These curves were then 
mechanically integrated to obtain the first and second 
integrals of the dynamic pressure. The ranges and 
times of these curves were then scaled for a 10 kt 
device by the cube root method. 


Rangeyy = ky Rangeog; 


Timey = ky Timeog: 


1 


1 3 
where k; = (=) 


Solving Equations C.17 and C.18 for the same time 
{Intervals will yield a velocity-displacement curve. 
Figure C.7 is a plot of the normalized velocity versus 
slant range for normalized displacements up to 2 
inches. Curves of velocity versus displacement for 
any Specimen can be obtained by the use of Figure 
C.7 and the following two equations: 


X, = 0.178 204 Vn» (C.19) 
Ws 
X, = 0.0525 aca Sys (C.20) 


where: V, = normalized velocity (lb-sec/ft?), 
= actual velocity (ft/sec), 
normalized displacement (lb~sec?/it?), 
X,; = actual displacement (in.) 
projected frontal area (in.”), 
= specimen weight (1b). 
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ion of Velocity versus Distance 
ition versus Time Curves. Given 
any velocity versus distance curve, it is possible to 
determine an acceleration versus time curve by a 
relatively simple mathematical manipulation. 


Since, 
see GEN 
X 2 gig x tay. 
at 
¥= d(dX/dt) dX 
dX dt’ 
therefore 
Seer (C.21) 


The acceleration of the specimen at any point on the 
curve is then equal to the product of the velocity and 
slope of the velocity-distance curve at that point. 
Since time is equal to distance divided by velocity, if 
constant velocity is assumed for small increases in 
the distance traveled, then 


pty oe ee, (C.22) 
Xy XK 


where X., Ay... x are the average velocities during 
the distance changes dX;, d&,, and dX,, respectively. 
Solving C.21 and C.22 at the same point on the 
velocity-distance curve will give the coordinates of a 
point on the acceleration-time curve. 


Seven of the 11 specimens containing velocity im~- 
pact gages recovered from Shot Erie yielded reliable 
data. Only one of the recovered specimens failed to 
yield useful data because of the malfunctioning of the 
gage itself. Exclusive of gage malfunction, overpres- 
sure and materia! ablation were the chief causes of 
gage failure. The specimens were constructed either 
of steel or aluminum and were exposed at ranges 
from 25 to 250 feet; however, none of the aluminum 
specimens were recovered, apparently because they 
were destroyed by material ablation. The recovered 
specimens which gave reliable results were originally 
located at Stations 150, 200, and 250 feet. 

The specimen which did not yield useful data be- 
cause of malfunctioning of the gages either had the 
target blocks and piungers misaligned or the plunger 
tips bent prior to impact, since the plungers pene- 
trated in a skew manner, In another specimen, two of 
the four plungers penetrated the full depths of the 
target blocks and. although this was not a gage mal- 
function, the actual impact velocity could not be ac- 
curately determined, 


The depth of penetration of the plunger into the :ar- 
get biock was a function of the impact velocity betwean 
the plunger and target block and also a function of ihe 
target block acceleration. It was necessary to elimi- 
nate the effects of target block acceleration from the 
plunger data to describe the velocity of the target 
block as 2 function of its traveled distance. An im- 
mediate observation was apparent; i.e., for the plunger 
initially in contact with the target block, the impact 
velocity was zero; thus, the true velocity versus 
traveled distance relationship must pass through the 
zero point. The depth of penetration of that plunger 
was therefore a measure of the acceleration only. 

The method selected to calculate the true velocity 
versus distance data from the velocity impact data 
involved an iteration process operating on two equa- 
tions already derived in Section C.2.1, Equations C.4 
and C.9. Since extensive numerical calculations were 
involved, use was made of the Datatron Electronic 
Data Processing System. The procedure was as fol- 
lows: the indicated velocity versus preset distance 
curve was plotted from the velocity-impact data and 
was assumed to be the true curve; acceleration 
versus time data were computed by the methods pre- 
sented in Section C.2.5. Equation C.4 was then solved 
using the calculated acceleration-time data yieldiag 
the penetration (4) as a function of time. Having the 
two desired variables, penetration and acceleration, 
as functions of a third variable, time, it was possible 
to obtain the desired relationship of acceleration as a 
function of penetration. This relationship was then 
integrated over the entire penetration as indicated in 
Equation C.9 and the correction was applied to the 
calibration velocity versus distance curve, Using the 
corrected velocity versus distance curve, the entire 
procedure was repeated until subsequent corrections 
yielded by application of Equation C.9, and applicable 
to the original data, V,. versus Xs, remained rela- 
tively unchanged. 

The method of positioning the plungers in the speci- 
mens at preset distances could have affected the 
depth of penetration readings for the plungers initially 
in contact with the target blocks. Solid metal spacers 
were used to position the plungers; consequently. if 
overpressure were sufficiently large and the speci- 
mens sufficiently compressed, the initial plunger 


v penetrated the target 
n wouid be additive to the pene- 
tration due to acceleration. 

Ground in ; the specimen could also tend to 
increase th oat} : tration readings, depending 
upon the angie of impact and the deceleration involved. 
It has been computed, however, that for the large 
diameter plunger (0.404 inch), a specimen accelera- 
tion of 25,000 grams would be required to produce 
additional penetration. assuming the plunger remains 
in contact with tha target block after the initial pene- 
tration. Ground impact was consequently regarded as 
insignificant. 
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C.5 CONCLUSIONS AND RECOMMENDATIONS 


C.5.1 Conclusions 


1. The valocity-impact gages which were adequately 
protected from the effects of overpressure and ma- 
terial ablation of the specimen performed their func~ 
tions as anticipated and yielded apparently reliable 
data. 

2. Only extremely large specimen accelerations 
during plunger penetration appreciably affect the 
indicated velocity values as determined from the 
depth of penetration and the calibration data. For ex- 
ample, for a plunger 0.404 inch in diameter, an aver~ 
age specimen acceleration of 9,000 grams during 
penetration would result in only a 10 percent reduc- 
tion in the indicated velocity value. 


C.5.2 Recommendations 


1. It is recommended that future programs con- 
sider the use of velocitv-distance impact gages to 
measure specimen velocity as a function of distance 
within the fireball of a nuclear detonation. 

2. In an effort to eliminate possible overpressure 
elfects upon the readings of the plungers in contact 
with the target biocks, it is recommended that spring 
type spacers be used with spring constants sufficiently 
low so that the spacers would deform before plunger 
penetration would oecur, 

3. It is further recommended that more plungers be 
utilized in each gage to determine more accurately 
the shape of the indicated velocity versus distance 
curve, especially at preset distances close to the 
target blocks, a region of high acceleration. 
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Figure C.1 Typical velocity-distance impact gage installation. 
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Figure C.2 Typical plunger depicting general machined dimensions. 
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Figure C.5 Penetration versus velocity for 4-inck-thick 2 aluminum impact blocks. 
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Figure C.6 Penetration versus veloci 
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Figure C.7 Normalized velocity ag a function of slant range for normalized displacement up to 2 Inches 
for a 10 kt yield. 


Appendix D 
BALL-CRUSHER GAGES FOR MEASUREMENT OF 
PRESSURE AND ACCELERATION WITHIN THE 
FIREBALL OF A NUCLEAR DETONATION 


D.l INTRODUCTION 


As part of its work on Air Force Contract No. 
AF 33(616)-3155, Allied Research Associates, Inc, 
was given the responsibility for the design and cali- 
bration cf the pressure gages and accelerometers to 
be installed in six of the specimens exposed by Proj- 
ect §.9 and the analysis of the results of this ex- 
posure, The results of this work have been published 
as Reference 1, WADC TR 57-188 Pt I, This appendix 
summarizes the more important topics contained 
therein. 


D.2 THEORY AND DESIGN DETAILS 


A simple type of mechanical gage which appeared 
likely to yield good results for both pressure and ac- 
celeration measurements was the ball-crusher gage. 
This was a gage in which a soft metal ball was de- 
formed by 4 piston, the magninide of the deformation 
of the ball being a measure of the magnitude of the 
force applied to the piston, The ball-crusher gage was 
first developed by the U.S. Navy in 1941 and is now 
used by the Navy as a standard device for measuring 
forces in the near vicinity of an explosion, particu- 
larly underwater explosions. The inherent accuracy 
of the device is such that errors of less than 10 per- 
cent may be expected when it is used to measure 
pressures in underwater explosions or strong shock 
front overpressures, 
sage is a simple device for measuring the 
maximum value of an applied static load. It is a peak 
reading instrument based upon the largely empirical 
fact that, when an annealed copper or aluminum bail 
is crushed between two flat parallel surfaces, the 
permanent or inelastic deformation of the ball is lin- 
ear with the applied load, This linearity holds for 


deformatiozs as large as 30 percent of the initial 

ball diameter. Since the inelastic deformation re- 
mains after the load is removed, and may be rela- 
tively large, measurements of the deformation pro- 
vide a convenient means for determining the maximum 
value of the applied force. The copper ball thus be- 
haves as an irreversible linear spring. A deformation 
constant equivalent to a spring constant may be de- 
fined in terms of force per unit displacement. These 
deformation constants were determined for each gage 
by static loading, When the external force is applied 
slowly or statically, the peak force can be determined 
directly from the deflection; however, if the exter- 
nally applied load varies rapidly, the dynamic response 
characteristics of the zaze must be considered. In the 
Operation Recwing test, the load applied to the gages 
was rapid; therefore, the dynamic response of the 
gages had to be determined to interpret any experi- 
mental data obtained from the gages. Past and present 
experiments have shown that the dynamic spring con- 
stant (determined from the rapid loading of the balls, 
through dropping a weight) was approximately 18 per- 
cent greater than the static spring constant, 

Since the deflection of the ball in the ball-crusher 
gage was proportional to the force applied to it, the 
ball was in effect a linear spring. Thus, the response 
of a mass bearing upon 2 ball to an applied external 
force function may be likened to the response of the 
identical mass supported by a spring equivalent to the 
ball. 

In the ligh: of the bali-spring analogy, the differen- 
ial equation of the ball-crusher gages may be written 
5 


t 


mxX - KX = Foilt), (D.1) 


where: m =the mass of the piston plus 44 the mass 


of the ball (lbs), 


& 


= the displacement of piston (in.) 

= the dynamic ball deformation constant 
(lbs /in.) 

Fy) = the maximum value of the forcing 

tion, F(t), (Ibs), 


ms 


f, 
iunc= 


and 


f(t) = the non-dimensional forcing function 
f(t) = F(t)/Fp. 


The general solution of (D.1) is of the form 


X= Fs : f(t’) sin w(t —t’) dt’, (D.2) 
K Jy 

where t’ is a variable of integration, and w the equiva- 

lent natural gage frequency, ¥K/m, (radians /sec), 

It is customary to compare the response of such a 
system to that which it would have if the forcing func- 
tion were a step function. 

It has been shown in Reference 1 that normalizing 
the response with respect to a unit step function, the 
relationship between the maximum deformation, 

Xmax, and the peak applied force, Fy, is given by: 


2 
Xmax = K ¥ Fo, (D.3) 
where 


y= 


mle 


t 
f ‘£(t/) sin w(t, —t’) dt’, (D.4) 
rt) 


and t, is the time of maximum deformation. Hence, 
once a normalized driving function f(t) is assumed, 
the relative response of the gage can be determined 
by evaluating y at t; for the assumed driving function. 
The ball-crusher gages utilized in recording the 
experimental data in Shot Erie are shown in Figures 
D.i and D.2. Figure D.1 shows a typical pressure 
gage, and Figure D.2 shows a complete acceleration 
unit consisting of two ball-crusher accelerometers. 
The pressure and acceleration gages were designed 
to withstand the pressures and temperatures pre- 
dicted at specified ranges within the fireball of a 
10 kt nuclear explosion, since this was the estimated 
yield of Shot Erie. The gages of the 50~foot station 
were constructed of special tool steel to withstand the 
predicted pressures at this station. The procedure 
used in estimating the fireball pressure is presented 
in Reference 1, The estimation is based on the solu- 
tion of the spherical shock wave problem as given by 
G. I, Taylor and H. L. Brode, Since the pressure 
gages were located at various slant ranges from the 
center of the burst, the gages contained different 
sized copper or aluminum balls, so that sufficiently 
large deformations for accurate measuring would be 
obtained in the linear region, These bali sizes were 
determined by using the estimated value of the peak 
shock front overpressure at various slant ranges and 
assuming the dynamic input into the gages to be a 
Tavior Wave. This postulated Taylor Wave gave the 
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f the overpressure at a fixed point ic 

: Sizes varied from 0.375 inch diameter 
at the outermost station to 1.000-inch diameter at the 
innermost station. 

The accelerometer used the same diameter copper 
batl, 0,500 inch, for all stations, gince the estimated 
range of ball deformation fell within the linear region. 
These deformations were calculated by assuming that 
the peak accelerations received by the spheres would 
be caused by the material velocity of the shock wave. 


DS RESULTS 


All six spheres containing the ball-crusher gages 
were recovered, The gages were removed by welding 
a length of pipe to the gage and unscrewing it. During 
removal of the gages, most of the outside threads 
were galled or stripped by the slag material that had 
been deposited in the outermost threads, The rubber 
O rings at the base of the threads were still in their 
original condition, and the outside of the gage base 
showed no discoloration that would indicate extremely 
high temperatures within the spheres. Disassembly 
of the gages indicated that the O rings on the pistons 
provided adequate seals in preventing the hot gases 
from being forced into the ball chambers. The crushed 
balls and their rubber grommets were also in ex- 
cellent condition, as was the base of the gages. The 
flats on the deformed balls were parallel; thus ac- 
curate measurements of the deformations were ob- 
tained. 

The previous remarks exclude the pressure gages 
and the acceleration unit at the 50-foot station, since 
only one of the gages was removed from this speci- 
men, This gage was removed in pieces with the base 
of the gage remaining wedged in the sphere. Only the 
head of the gage was removed, exposing the crushed 
ball, which was picked out of the hase, The head of 
the gage as well as the base was cracked in several 
places, and the piston was broken into several pieces. 
The bottom section of the piston was found in the base 
of the gage, but the top section was not located. During 
the initial attempt to remove this gage by unscrewing 
it, a section of the top of the gage was broken off with 
the pipe welded to it, An inspection of this exposed 
surface revealed that there were visible cracks 
throughout the gage. After removal of the head of the 
gage by cutting the sphere away with a torch, the base 
was found to be cracked in three places. The anvil 
face of the base was cracked along a centerline causing 
nonparallel forces on the deformed ball, By taking the 
average of several measurements, deformation data 
was obtained from this ball. 


D.4. METHOD OF ANALYZING EXPERIMENTAL 
DATA 


In this section the generalized response of the ball- 
crusher gage presented in Section D.2 is utilized in 
predicting the response of this gage to a variety of 


postulated inputs. For each of these postulated in- 
puts ine procedure is as follows: from theory anc 
perhaps the use of certain assumptions, the time 
history of each of these inputs is derived. For each 

of these inputs it is convenient to assume 2 peax 
pressure or acceleration to be an unknown parameter, 
Once the shape of the assumed input is known, itis a 
simple matter to derive a functional relationship be- 
tween the observed ball deformation and the unknown 
parameter, using the technique presented in Section 
D.2. 

The following pressure time histories have been 
calculated in an effort to cast light on which of the 
postulated phenomena actually did occur within the 
fireball. In general, of course, the pressure meas- 
ured by the ball-crusher gage is the sum of the vari- 
ous postulated pressure phenomena. However, certain 
of these phenomena may be too small in magnitude or 
too rapid in time to be sensed by the instrument; 
hence, the division of phenomena given below. 

1. Taylor Wave, Figure D.3A, 

2. Isobaric Sphere Pressure, Figure D.3B, 

3. Blow-Off Pressure, Figure D.3C, 

4. Diffraction Pressure, Figure D.3D, 

5. Acceleration Loading, Figure D.4, 

The details of these phenomena are discussed in 
Reference 1. The relative response of the ball-crusher 
gage to various pressure inputs is presented in Fig- 
ure D,5. The slant ranges in the figure are for a gage 
having a period of 0.75 msec. Figure D.6 shows the 
relative response to diffraction and gust loading ac-~ 
celerometers with a period of 0.803 msec. 


D.56 ANALYSIS-OF EXPERIMENTAL DATA 


After removal of the copper and aluminum balls 
from the pressure and acceleration ball-crusher 
gages, the deformation of each ball was measured. 
These deformations are given in Table D.1. Included 
in this table are the slant ranges of the sphere, size 
and material of the balls, and the position of each 
gage in its respective sphere. 

The experimental data were analyzed by using the 
different dynamic gage responses for the various 
postulated inputs to the gages to determine the peak 
value of the forcing functions. The deformations were 
first reduced to give an equivalent static force by 
using the experimentally determined deformation 
constant for each size ball and material. Table D.2 
gives these equivalent static forces and the deforma- 
tion constant used in calculating these values of force 
from the data given in Table D.1, The peak pressures 
and accelerations may be calculated for the various 
postulated inputs by correcting the forces in Table 
D.2 for the dynamic response characteristics of the 
gages to these inputs. Specifically, 


eee (D.5) 
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where: F, = Peak force, 
F = Equivalent static force from Table D.2. 


ihe various pressure response char- 
to caiculate the parameter of 


3 

pressure ts given in Tabie D,3 and presented in Figure 

for two of the postulated {faputs, the Taylor Wave 
and the biow-off pressure plus the Taylor Wave. Fig- 
ure D.3 shows the postulated acceleration input, and 
Figure D.6 is used to calculate the value of the pa- 
rameter of ihis distribution which is taken to be the 
peak of the gust plus diffraction acceleration and the 
peak of the gust only. Tables D.3 and 3.9 summarize 
these data. 


D.6 CORRELATION OF EXPERIMENTAL DATA 


In this section the peak pressures and accelerations 
determined from the experimental data in Section D.5 
are compared with postulated theoretical predictions. 
This method of correlation is used since the shape of 
actual dynamic input into the gages is, a priori, un- 
known. 

In correlating the experimental pressure data given 
by gages with theoretical peak pressure, the peak 
pressure observed by the gages was determined by 
correcting the experimental ball deformations for the 
dynamic response characteristics of the gages to the 
postulated blow-off oressure and Taylor Wave input. 
These observed peak pressures are shown in Figures 
D.7A and D,7B as a function of the slant range loca- 
tion of the gages. The theoretical peak pressures for 
the same slant ranges are values of the peak shock 
front overpressure (Figure D,.7A) and overpressure 
plus blow-off pressure (Figure D.7B), calculated from 
relationships set forth in Reference 1, From com- 
parison of these observed and theoretical values of 
peak pressure, it is noted that most of the observed 
data points lie below the curve of theoretical peak 
pressure, especially the smaller slant range points 
in Figure D,7B, 

Comparing Figures D.7A and D,7B, which differ 
only in that Figure D.7B includes the blow-off pres- 
sure as given by Figure D.3C, it can be seen that the 
agreement between theory and experiment is approxi- 
mately the same in both cases at the longer ranges. 
This is due to the fact that the gage was capable of 
seeing the initial peak shock, which rises above the 
postulated blow-off pressure peak, It should perhaps 
be pointed out that the data at the 50~foot station is 
given partly by the fact that the ultimate strength of 
the steel used in the gage (250,000 psi) was exceeded 
by the pressure loading. This gives a lower bound on 
the observed peak pressure at this location. In ad- 
dition, a crude measurement was made on one of the 
aluminum balis, Since the anvil was cracked, this 
measurement must aiso be considered as a lower 
bound. 

It can also be seen from the data that there is a 
variation in obsérved pressures at any one station. 
At most a factor of three between the lowest value 
and the highest value was found, Several possible 
sources of these variations have been investigated 


TABLE 1.20 EQUIVALENT STATIC FORCE (F) AND DEFORMATION 
CONSTANT (KR) CALCULATED FROAL BALE DE RUMAA- 


TABLE Dal EXPERIMENTAL BALL-CRUSHER GAGE DATA, SHOT ERIE 
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TABLE D.3. PEAK PRESSURE AND ACCELERATION FOR 
INPUTS AS CALCULATED FROM EXPERI’ 


VARIOUS DYNAMIC 


Pressures 
Taylor Wave Blow Off + Taylor Wave 
Gage No. T/ty ¥ P, (psi) ¥ P, (psi) 
7 1.88 0.35 3.88 x 105 9.49 2.77 x 108 
3 0.36 0.66 1.28 x 104 0.72 1.18 x 104 
6 0.36 0.66 2.81 x 104 0.72 2.58 x 104 
sf 0.89 0.48 9.02 x 103 0.61 7.10 x 105 
14 0.89 0.48 1.03 x 108 0.81 8.11 x 10° 
18 0.31 0.70 5.73 x 10° 0.74 5.42 x 10° 
19 0.31 0.70 4,86 x 10° 0.74 4.60 x 105 
21 0.31 0.70 5.45 x 10° a.74 5.15 x 10° 
2 0.41 0.64 3.49 x 103 0.71 3.15 x 108 
10 0.18 0.81 2.06 x 108 0.81 2,06 x 105 
17 0.18 0.81 3.07 x 10° 0.81 3.07 x 10° 
16 0.23 0.77 2.76 x 103 0.73 2.76 x 103 
22 0.23 0.77 1.26 x 103 0.78 1.26 x 10° 
8 0.114 0.88 1.03 «x 108 0.88 1.03 x 10° 
9 0.114 0.88 1.65 x 10? 0.88 1.65 * 103 
4 0.131 0.86 1.25 x 108 0.86 1.25 x 103 
12 0.131 0.86 9.81 x 10? 9.86 9.81 x 10? 
3 0.073 0.94 7.23 x 10? 0.94 7,23 x 10? 
7 0.73 0.94 1,71 x 103 0.94 171x103 
13 0,84 0.92 4.39 x 10? 0.92 4.39 x10? 
15 0.84 0.92 4.67 x 10? 3.92 4.67 x10? 
Acceleration 
Station 100 150 200 250 300 
¥ 0.41 0.76 0.86 0.91 0.91 
Gust n(G’s) 2.81 x 10! 1.03 x 104 6.27 x 10° 2.89 x 103 1.035 x 108 
(Peak) 
¥ 0.195 0.43 0.57 0,80 0.52 
Gust plus n(G’s) 5.9 x 104 1.82 x 104 9.46 x 103 4.43 x 10° 1.81 x 103 
diffraction (Peak) 


and ruled out as negligible or not consistent with the 
experimental data, One source investigated was ine 
possibility that the shock front intersected the piane 
of the gages at an angle differing from zero degrees, 
The possibility of the shock front not being paraliel 

to the plane of the gages would cause dynamic pres- 
sures and conventional shock diffraction effects to be 
observed by the gages in addition to the peak shock 
front pressures. It was found from photographs of the 
fireball, at various times up to breakaway, that the 
plane of the shock front was indeed not parallel to the 
plane of the gages. However, this source of the varia~ 
tions was ruled out because the pressures recorded 
by the gages on the spheres did not follow any set 
pattern of high and low values as would be expected 
from the geometry of such a situation, Another pos- 
sibility for these variations could be due to differ- 
ences in the materials used in the gages, notably the 
balls, or imperfections in the manufacturing of the 
balls. In this case, tests and experiments performed 
on balls made from the same batch of metal used in 
the balls of the gages showed that any material dif- 
ferences or imperfections in the balls themselves 
were negligible. It was found that crushing dozens of 
these balls statically and dynamically gave consistent 
deformation results (within 1 percent) for a wide 
range of loads. 


One possible explanation of this variation in ob- 
served pressure is the extension of the shock front of 
the fireball locally around the spherical specimen, 
causing local pressures that may vary in magnitude 
by factors of 2 or 3. This phenomenon would be caused 
by the local preheating of the air surrounding the 
sphere due to radiation from the shock front. The 
mechanism for this preheating is that a small amount 
of metal is vaporized from the surface of the speci- 
mens and advances into the air at sonic velocities, 
effectively heating this air. The higher air tempera- 
ture increases the local shock front propagation ve- 
locity, and the shock front then extends from the sur- 
face of the fireball toward the sphere. When the shock 
front extension reaches the sphere it advances around 
the surface in an irregular shaped front causing dif- 
ferent shock diffraction effects on various sections of 
the surface. This phenomenon is analogous to the 
formation of spikes from the fireball] along the guy 
wires from the shot tower or down the shot tower it- 
self and is, therefore, expected to be as unpredictable 
and unstable as the spikes. 


The accelerations observed by the gages have been 
compared with the theoretical accelerations the 
spheres received from the shot gust loading. These 
theoretical accelerations were determined from equa~ 
tions given in Reference 1 for the dynamic pressure 
pulse and the diffraction loading. These observed and 
theoretical peak accelerations are shown in Figure 
D.8 as a function of slant range. Only the gust loading 
has been considered since, as indicated in Figure 
D.6, the gage is not sufficiently fast to respond to the 
diffraction phase. It can be seen from Figure D.§ that 


the agreement between the theoretical gust-induced 
d the measured data is excellent. 


D.7 CONCLUSIONS AND RECOMMENDATIONS 


D.7.1 Conclusions 


1. It has been shown that ball-crusher gages may 
be successfully employed to experimentally record 
fireball pressures and accelerations under the ad- 
verse conditions encountered in the fireball. The 
damage to most of the gages was limited to the outer 
surfaces; the interior sections were unaffected by the 
extremely high pressures and temperatures. The 
gages at the §0- and 100-foot stations were damaged 
internally, since the ultimate strength and the yield 
strength, respectively, of the materials used, were 
exceeded, 

2. The response of the ball-crusher gages used in 
this study was dependent upon the shape of the dy- 
namic input. However, by quantitatively examining 
various possible inputs, it was determined that the 
Taylor Wave similarity solution plus a blow-off pres- 
sure oi tac order of the isobaric sphere pressure 
satisfactorily described most of the observed phe- 
nomena. 

3. It was noted that the experimental points at any 
one slant range gave a variation between readings of 
about a factor of three. It is believed that this varia- 
tion can be explained by the spike or shock front ex- 
tension phenomenon which is analogous to the ob- 
servable unstable spike of the fireball along a guy 
wire and the Taylor Instability. 

From the experimental data and close examination 
of the gage responses to various dynamic inputs 
(Table D.3 and Figure D.5) it was determined that the 
blow-off pressure on iron was not much greater than 
the peak shock front overpressure for most ranges at 
sea-level aititude, although experimental evidence for 
its existence was given, It is believed that from the 
evidence indicated by the lower bound of the pressure 
on the sphere at Station B the blow-off pressure was 
significant at this location. However, the fluctuations 
in the data from the other gages (caused by the spikes) 
only permit one to state that the blow-off pressure is 
not much greater than the peak shock overpressure. 
It is also noted that the gage modified with the plastic 
material gave observed pressures approximately the 
same as the other gages, This indicated that there 
was no appreciable dependence of observed pressure 
on material atomic weight. 


4, The observed accelerations were corrected for 
the gage response by assuming a gust loading input. 
The resultant correlation between the theoretical 
values of peak accelerations and the experimentally 
observed peak accelerations was close. 


D.7.2 Recommendations. In view of the results 
of the analysis of this experiment with ball-crusher 
gages to obtain fireball pressures and acceleration, 


12 is recommended that these gages be designed to 
cover a greater range of response times or periods. 
This will enable the faster gages to observe the peak 
caused by the diffraction shocks and dynamic pres- 
sure inputs a5 well as the peak shock ironi over- 
pressure. The slower gages can be designed so that 
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